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Edge", Memorandum NO. T143-5M-001k4, 4 May 1972 

"Development of a Reinforced Carbonaceous 'snd Ablative 

Composite f o r  Entry Heat Protection of Manned Spacecrafi;", 

VMSC Report No. 330.17, July, 1963 

"Development of a Thermal Protection System fo r  the Wing of 
a Space Shuttle Vehicle", Phase I1 Final-Report, VMSC Report 

No. T143-5R-00124, 30 April lgT2. 

*- I 

.----- 
(2) 

(3) 

(4) "Thermal Evaluation Tests of Oxidation Inhibited Carbonaceoue 

Materials in  the MSC 1.5 MW Arc Heated Tunnel", NASA Menomndwn 

NO. ES5/5-21 (0)/108M, 20 May 1970. 

( 5 )  "Thermal Evaluation Tea t s  of Reinforced Pyrolyzed Plaatic 

(FPP) Materials i n  the MSC 1.5 MW and 10 MW Arc-Heated Facilltties", 

NASA Memorandum No. ES5/11-I2(9) 1.287~, I2 November 1969. 

INTRODUCTION : 

A reentry oxidation analysis was performed, as required by Reference (l), 

t o  determine the reentry thickness loss of bare RPP i n  the event of coating loss 

prior t o  reentry. 

t o  define the t o t a l  skin thickness required t o  provide a f a i l  safe design, 

This data w i l l  be used, i n  conjunction with s t ructural  analyses, 
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APPRQACH: 

Surface recession rates were computed a t  ten locations around t h e  leading 

edge periphery using a VMSC one-dimensional ablation routine which accounts f o r  

reaction ra te  control, t ransi t ion and diffusion control oxidation mechanism. 

Oxidation characterist ics of bale RPP were based upon plasma erc  test data as 

reported i n  Reference (2). h i t t a n c e  and specific heat of bare RPP were also 

taken from Reference (2), while thermal conductivity was assumed equal t o  that  

of coated RPP and was taken frm f i n a l  characterization data i n  Reference (3). 

Effects of cross radiation were included i n  the  oxidation analysis by 

permitting the inside surface of the skin t o  participate i n  radiant interchange 

w i t h  a surface of specified time variant temperature equal t o  t h e  average tempera- 

ture w i t h i n  the leading edge cavity. 

Phase I1 cross radiation analysis resul ts  as reported i n  Reference (3). 

tk average cavity temperature could conceivably be different for  the thick akin 

f a i l  safe design than for  the thin skin Phase 

of peak inside sk in  temperatures from Phase I1 croaa radiation analyses and from 

the  current ablation analyses t o  determine i f  a correction was required t o  the 

Phase I1 cavity temperature. 

This cavity temperature was taken frm 

Since 

I1 design, a comparison was made 

msms: 
Computed maximum inside skin temperatures a re  presented as a function 

of location on t h e  leading edge i n  Figure 1, and are  canpared with Phase I1 

cross radiation analysis results. 

cavity tempereture obtained from Phase I1 analyses and used i n  the current ablation 

The close agreement indicates that  the  average 

analyses f o r  determining cross radiation effects  upon sk in  temperatures is  quite 

reasonable. 



Oxidation results are presented i n  Figures 2 and 3. Thickness losses 

for ten locatians on the leading edge are shown i n  Figure 2 as a function of 

entry time. 

a Arnction of location on the leading edge i n  Figure 3. 

peak thickness loss a t  the  stagnation l i ne  is 0.236 inch, and that t h i s  drops 

t o  0.076 inch on the windward side t r a i l i n g  edge and t o  essent ia l ly  no recession 

on the leeward side trailing edge. 

The maximum thickness loss fra these curves is cross plotted as 

It is seen that the 

It is r e c m n d e d  that 20$ additional thickneee be added t o  the surface 

recession Mlues i n  Figure 3 for  mrrgin. Thia value i e  h e e d  upon plasm arc 

data ecatter about theoretical  oxidation losses i n  Reference6 (2), ( k ) ,  and (5) 

and i n  the recent wing t i p  m o d e l  t e s t e  a t  NASA-MSC. 
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"Abbtion Analysis of Bare RPP on Shuttle Wing leading Edge", 
T143-DIR-2-03, 5 June 1972 

"Development of a Thermal Protection System for the Wing of a Space 
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. .  . .<\ Shuttle Vehicle", Report Bo. T143-5R-00124, 30 A p r i l  1972. 

. I  - - .  3. "Space Shuttle Wing Leading Edge Design Criteria, Phase 111", 

$..* Report No. T143-5R00060, 19 May 1972 

Thermal analyses were conducted t o  determine the predicted temperature 

distribution i n  the leading edge skin and r i b  of the space shuttle vehicle wing. 
- ~ -  *. .- - - . . - - - 

Fhis anelmis i s  Dart of Phase I11 of the "DeWlODment of a Thermal Prcrtection Sptem 

the WIQ of a Snace Shuttle Vehicl et': NASA - MSC C ontract No. NAS9-11224. In this  

a a s e  ; e 
- 

return C a D a b i l i t Y  i n  the event of coatina failure.  I n  addition the heat shield insula- 

$ion design m a  1 is t o  Drotect wing structure having a 350°F temperature limitation, 

6yJ"F limitof=. 

The thermal analyses were performed uking VMSC computer routine which 

accounted fo r  cross radiation, conduction and heat s ink  effects. Only the first 660 

seconds of the reentry portion of the mission s t a r t i ng  from an al t i tude of 400,000 fee t  

was considered since both peak temperature and temperature gradients occur during t h i s  
1.82042 R1 



period. 
case thermal gradients (change i n  temperature per unit of length) i n  the material. 

An i n i t i a l  tempersture of -170°F wes used i n  order t o  obtain worst  

Discussion of the analysis is  divided into three parts. The leading edge 
skin temperature resul ts  are discussed first, followed by discussion of resul ts  
f o r  t he  r i b s  i n  the cavity area and i n  t he  support joint  area. 

CONFIGURATION DEFINITION 

Figure 1 shows a cross section of t h e  leading edge and'the insert  shows a 

The thermal analysis fo r  typical  leading edge panel and r i b  and sealing s t r i p .  

the leading edge skin used a two-dimensional model of the cross section. 
analysis for  the r i b  used separate two-dimensional models for  each of s i x  locations 

The 

i n  the uninsulated cavity area and two support joint  areas. Details of the indi- 
vidual thermal models w i l l  be discussed i n  the following sections. 

Thermal property data used i n  the analysis are presented i n  Tables I through 
N, and are  based upon SRI data from Reference 2. 

THEFMAL ANALYSIS OF W I N G  EDGE SKIN 
The two-dimensional thermal model used i n  the analysis of the leading 

edge sk in  i s  shown i n  Figure 2. 

sented by an adiabatic surface 
This resul ts  i n  sl ightly conservative (high) computed insulation surface tempera- 
tures. 

The substructure insulation surface was repre- 

since the insulation design has not been firmed. 

The thickness of the leading edge skin is designed fo r  a one-mission return 
capability i n  the event of coating failure.  
fa i lure  for 2400 seconds was determined.in Reference 1 and EO$ of t h i s  loss was 

added t o  the s t ructural  thickness requirement of O.l3". The result ing thickness 
is  shown on Figure 3. The leading edge was divided in to  three nodes through the 
thickness for the high thickness loss region, and into two nodes for  the low-loss 
region as shown on the thermal model of Figure 2. 

as t o  obtain temperatures a t  the centerline of the elements t o  be used i n  the 

s t ructural  analysis. 

The thickness loss with coating 

Node locations were chosen so 

The recovery temperature and the convection heat t ransfer  coefficients used 
These in  the analysis for the maximum heating location are  presented i n  Table V. 

are the same as those used i n  the  Phase I1 analysis of Reference 2. 
coefficient was modified for  use a t  the other locations t o  account f o r  the reduced 

The convection 

heat flux away from the maximum heating location, The modification used for  the 
various exterior surface nodes of Figure 2 are presented i n  Table VI ,  based upon 
the heating distribution f'rom Reference 3.  A l s o  given on Table V I  is the location 
of the exterior nodes relative t o  the  most forward point on the leading edge. 



The predicted temperature a t  the peak heating location is presented as 
a function of time on Figure 4. 
peak of 2547F a t  a time of 660 seconds, 
for  t h i s  time are  presented on Figures 5 and 6. 
ture distribution around the leading edge a t  660 seconds is presented graphically 
on Figure 5. 
lower maximum temperatures for  the present study. 
the skin is 2547F campared t o  25p°F for  Phase 11, and the  maximum temperature 
of the insulation is 2272'F cmpared t o  23960F for  Phase 11. 
tures f o r  t h i s  study are  the resul t  of two factors: (1) higher skin emiseivity 
(Table I11 values versus 0.85), (2) 
t o  thicker skin. 
due t o  a thicker skin. 

brium values based upon the Table I11 emittance data shows tha t  the temperature 
reduction due t o  cross radiation and heat conduction for  the f a i l  safe s k i n  is 
123'F, cognaared t o  1480F fo r  the thinner skin analyzed i n  Phase 11. 

The temperature of the leading edge reaches a 
Temperatures a t  the other locations 

The predicted surface tempera- 

Comparing these resul ts  t o  those of the Phase I1 analysis shows 
The maximum temperature of 

The lower tempera- 

higher circumferential heat conduction due 
These two factors offset  the  reduction i n  cross radiation effect  

Canparing the current temperatures with radiation equili- 

One of the primary purposes of the thermal analyses was t o  determine the 
location and magnitude of the maximum thermal gradients i n  the leading edge. In 
order t o  determine the maximum gradient around the periphery of the leading edge 
the temperatures a t  various times were plotted as shown on Figure 7. 
data it was determined tha t  the maximum gradient of 54loF/inch occurs between mdes 
12 and 14 on the leeward side, where the wing support insulation begins, a t  a 

time of 400 seconds. This gradient i s  higher than the Phase If computed value 
of 325OF/inch. A f iner  nodal network was used i n  the current analysis i n  the 
vicini ty  of the peak gradient i n  order t o  more accurately define the magnitude 
of the gradient. 

The maximum thermal gradient through the thickness of the leading edge is  
697"F/inch and occurs a t  the maximum heating location a t  a time of 300 seconds. 
THERMAL ANALYSIS OF RIBS IN CAVITY AREA 

Froan t h i s  

Temperatures i n  the r i b s  were predicted for  s ix  locations around the leading 
edge: 2", g", and 18" wetted distance on the windward side, and 2", 5", and 8" 
wetted distance on the leeward side, 

The sealing s t r i p  between the leading edge panels was included i n  the 
thermal model. 
0.13" or 126 of the thickness loss  with coating failure.  

The thickness of the  seal s t r i p  l i p  was taken as the minimum of 
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The two dimensional thermal model for  the  r i b  included the r i b ,  one half 
of the sealing s t r i p ,  surrounding radiating structure, and approximately f ive 
inches of the panel skin. 
pond t o  the g r id  points used i n  the  s t ructural  analysis model. 
sketch of t h e  model. 
inches of the  panel skin was adequate since the temperature difference between 
the sk in  nodes fartherest  away f r m t h e  r i b  was negligible. 

Node dimensions in  the r i b  were selected t o  corres- 
Figure 8 is  a 

Subsequent analysis verified tha t  including only f ive 

The temperature of the radiating structure node was input as a f'unction 
of time, as shown on Figure 9. 
as the average temperature of the insulation nodes from the leading edge skin 
analysis. 

Figure 10 fo r  a time of 660.0 seconds. 
a re  included on the  figure and agree very well with the predicted skin tempera- 
tures obtained i n  the  r i b  analysis. This indicates tha t  the use of a single 
temperature curve, Figure 9, t o  represent radiating structure adequately accounts 
for  cross radiation effects. 

The temperature-time profile was determined 

Predicted temperatures for  the r i b  and adjacent skin a re  presented on 
Results of the leading edge skin analysis 

The r i b  temperature a t  the maximum heating location is presented i n  Figure 
Fram the figure it is seen that the maximum 11 for  several times during entry. 

temperature drop across the r i b  occurs a t  a t i m e  of 260 seconds. The maximum 

temperature drop is 346°F ccuupared t o  3W°F camputed i n  Phase 11. 
t o  the  lower t h e m 1  conductivity used in  the  current analysis as compared t o  
the Phase I1 design value. 
Research Ins t i tu te  data from Phase I1 (Reference 2). 
across the r i b  and adjacent skin a t  t h i s  time is s h m  i n  Figure I 2  f o r  s i x  
locations around the  periphery of the leading edge. 
Figure 13 for  an entry time of 400 seconds, corresponding t o  the time of maximum 
temperature gradient around the periphery of the  leading edge skin. 

This is  due 

The current conductivity is based upon the Southern 
The temperature distribution 

Similiar data is  presented i n  

The r i b  temperatures presented i n  Figures 10 - 13 apply t o  the major portion 
of the r i b  which is free t o  participate i n  cross-radiation w i t h  skin and ather 
structure. 
and adjacent sk in  are  covered with insulation. Temperatures i n  the support joint  
areas are  discussed i n  the  following section. 
TE3RMAL ANALYSIS OF RIBS IN SUPPORT J O I N T  AIiEA 

These resul ts  do not apply i n  the support joint  areas where the r i b  

We windward and leeward side support joint  area r i b  temperatures were 
analyzed using 70 node three dimensional thermal models . 
heat conduction along t h e  sk in  and carbon-carbon r ib ,  across the m e d  s i l i c a  
insulators and into the s t ee l  b o l t  and Haynes 188 support f i t t i n g .  

These models included 

Cross 



radiation from the sk in  and surrounding structure t o  t h e  portion of the r i b  out- 
side of the bulk insulation was considered, as was b a t  conduction through the 

bulk insulation and in to  the support joint .  The carbon-carbon r i b  portions of 
the windward and leeward side models a re  shown i n  Figures 14 and 15, respectively, 

Cmputedtemperatures i n  the windward side support joint  a r e  shown in  Figures 
16 and 17 fo r  entry times of 260 and 400 seconds, respectively. 
times of peak temperature drop across the r i b  i n  the cavity area and of peak sk in  

temperature gradient, respectively. 
are  shown i n  Figures 18 and 19. 
r i b  for  the windward side, between nodes 6 and 37 is 1191°F a t  400 secs.!chis texnperature 
drop peaks a t  380 seconds a t  a value of 1205'F, a8 shown i n  Figure 20 which 
presents the temperatwe distribution i n  the  rib under the support lug. This 
caupares t o  a value of 1100°F computed i n  Phase 11. This drop is considerably 
higher than tha t  i n  the cavity area because, 

These are the 

Similar temperatures-for the leeward side 
It is seen that the temperature drop across the 

Heat transfer f'rcm skin t o  r i b  is by conduction only, 
since bulk insulation suppresses cross radiation. 

' The r i b  height is higher i n  the support joint  area 
than i n  the cavity area. 

" Attachment hardware a t  the inboard side of the r i b  

serves a s  a heat sink t o  maintain relat ively low 
temperatures. 
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TEMP., OF -200. 200. 500. 1000. 
C,, BTU/LB OF . lo5 .2  .26 .322 

TABLE I 
SPECIFIC HEAT OF RPP 

__ 
1500. 2000. 2500. 3000. 
.37 .395 ,415 .426 

.. _- --_ *.. .. . 

TEMP., O F  -250. 0. 330. 500. 750. 1000. fi500. 1940. 
K, BTU-IN/HR FT2 O F  14.6 30, 40. -- 44.&48.ZJ -___ _--..I_--- 50.2 -.I--..--_ 50.3 1 -C.-.I.--.--. 50. 

I 

TABLE I 1  
THERMAL CONDUCTIVITY OF RPP (NORMAL DIRECTION)* 

- . . . 

3000. 

----. 44.6 

.__ 

TEMP., O F  

€ 

- 

-200. 500. 1 1000. 1500. 2000. 2500. 3000. 
.85 .85 ,893 .925 .94 .935 .898 

TEMP., OF -250. 
P , LB/FT3 85. 

* Conductivity for parallel direction i s  1.90 times these values. 

3000. 
85. 



TABLE V 

T I  ME 
SECONDS 

RECOVERY TEMPERATURE AND CONVECTION C O E F F I C I E N T  
MAXIMUM HEATING LOCATION 

RECOVERY TEMP CONVECTION C O E F F I C I E N l  
BTU/HR FT2 O F  - O F  

49540. 

49 540. .038 
100. O o O  I 49540. .19 

3.2 
300. I 49 540. I 2.36 

500. 3.44 46640. 
450. I 479 40. I 3.35 

800. 
1000. 

40540. -. 

35040 

700. I 42640. I 3.78 

1400. 23940. 5.55 _. 

1200. I 29790. I 5.06 

1600. 18090. 5.89 
1 800. I 12840. I 6.26 
.- 2000. 
2200. 

8280. 6.51 
4440. I 8.03 

2400. 
2600. 
2800. 
3200. 
3600. 

1690. 8.03 
332. 7.26 
15. 8.63 
3. 9.82 
69. 12.8 
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-__ _____- __- - - t- .- 

MU LT I P L I CAT I ON FACTORS FOR CONVECT I ON COE F F I C I ENTS 

NODE NO. MULT I PL I CAT I ON xrl  s t l  

i 

INCHES INCHES (FIGURE 2) FACTOR 

2 .04 6.71 -13.17 
4 .04 6.32 -12.69 
6 .04 5.8 -12.15 
8 .04 5.43 -11.53 

10 .04 4.86 -10.81 
12 .044 4.19 - 9.91 
14 .05 3.43 - 8.91 
16 .06 2.76 - 7.91 

- 18 .073 2.15 - 6.91 
20 .1 1.61 - 5.91 
22 .128 1.12 - 4.91 
24 .235 .71 __ - 3.91 
27 .571 .37 - 2.91 
30 .757 .15 - 1.91 

- .84_4-._ --- 0- 03 . _ _  - - .94 
36 .9 .o 
39 .95 .075 .97 

0 
__ 33- , 

42 1. .26 
45 .942 .57 
48 .89 1 .o 
51 .865 - 1.53 
54 .841 2.11 
57 .825 2.74 
60 .814 3.4 
63 .8 4.19 
66 .762 4.99 
69 .708 5.82 

.664 6.65 72 
75 ,626 7.56 

8.44 
81 .563 9.36 
84 .533 10.25 

90 .482 12.13 
,466 13.06 
.45 14.01 96 

99 .441 14.94 
102 .424 15.88 

.416 - 16.58 105 __- -- 
108 .411 17.13 
111 .406 17.59 

- 78 ___ --- .591 

87 - .507 ___- 11 *25  

93 I 
_ _ ~ . -  -. 

_ _ _  __ 

1.97 -- 
2.95 
3.92 
4.92 ___ 
5.90 
6.89 
7.87 
8.87 
9.87 

10.87 
11.87 
12.87 
13.87 
14.87 
15.87 
16.87 
17.85 
18.84 
19.82 
20.81 
21.74 

23.03 
23.51 

______- -- 

___ - -- 

- 

___-______ 

__ __ 
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r\ lOTE’= TEMPERATURES SHOWN 1 
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OCCUR 660 S k C O N D S  
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. 
L O C A T I Q h l  DIM ENS I 0 N S (I rJc b i  E S) 

H TI Til x, 
2" WINDWARD 0.26 1.6s 0.283 0.413 
9" I I  4.1 9 1 .  I2 0.213 0.395 
IS" I t  12.13 i. so O # l 3  0.247 

SI' I t  j .  I 2  I * 8 8  0. I 3 0. IS9 
I, 2.76 \a95 0.13 0. 14 0" 

' 2" L E E ~ A R D  0. I 5 1 ,BZ 0. i92 0.321 

29(FOR X n  = 12.13'' LOCATiON Oh 
A r? 

. 

J LY) 

I- 

I I 
+-,-,-+~ 

PANEL S K \ N  
7 

FIGURE 8 RIB THERMAL MODEL 
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3- ($1 AND EFF. 

'REDICTED TEMPERATURE DISTRIBUTION FOR THE WINDWARD 
DIR. NO. REV. 

T143-DIR-2- 11 
DATE I P A G E  OF 

;IDE LEADING EDGE SUPPORT JOINT AND BRACKET 
]SYSTEM 

3- 52000 GROUP I 0. M. While BY L .  GROUP REL. TO 

I 1 I 39 8/9/72 
REF. G .  0. NUMBER 

I -.- Fill in block below for Information Request - -  . 
GROUP 

.'-.\, . '. 1' 

"Development o f  a Thermal Pro tec t ion  System f o r  the Wing o f  A Space S h u t t l e  Vehicle," 

VMSC Report No. T143-5R-00124, 30 A p r i l  1972. 

"Predicted Temperature D i s t r i b u t i o n  f o r  the Wing Leading Edge Sk in  and Rib", VMSC 

Design In format ion Release No. T143-DIR-2-07, 13 J u l y  1972. 

. 

Fill in block below for Information Release 

IN REPLY TO DIR. NUMPFR 

~~ 

PDUCTION : 

'-. .. . .... ;ON 

BUWEPS CJ 0'. ~ 

The leading edge is  attached t o  brackets b o l t e d  t o  t h e  wing box as i l l u s t r a t e d  i n  

P R E P A R E D  8 hIA& DATE CH D A T E  

G ROUP A? Pa D A T E  dAOJ O F F I C E  ' W .A.Whi t t e n  g-6-72 1 84-72. 
3 .  E. Medford h g - g - 7  t 3 .  M. W h i  1 e&& 

r e  1. 

i r e d  t o  p r o t e c t  the  wing s t r u c t u r e  having a 650°F temperature l i m i t a t i o n .  

t a t i o n  has been changed t o  350°F f o r  Phase I11 analysis.  

Analyses were performed dur ing Phase I 1  (Reference 1 )  t o  determine the i n s u l a t i o n  

The temperature 

The purpose o f  the  present analys is  i s  t o  determine t h e  attachment conf igura t ion  

i r e d  t o  p r o t e c t  the  wing s t r u c t u r e  from temperatures above 350OF. 

epts a r e  considered and the  r e s u l t s  o f  the thermal analysis were used t o  he lp  guide i n  

se lec t ion  o f  the  attachment c o n f i q u r a t i  on t o  be qround tested.  Pre- test  p red ic t ions  f o r  

A number o f  attachment _- --- 

s e l e c t e d s n f i g u r a t i o n  are presented. Only the windward s ide  attachment was considered. ___ -. 
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The thermal analyses were performed us ing a three-dimensional 

thermal model and a VMSC computer r o u t i n e  which accounted f o r  heat conduc- 

t i o n  along the s k i n  and RPP r i b ,  across the  hard insu la to rs  a t  t h e  support 

j o i n t ,  the  s t e e l  b o l t ,  the bracket, and across the  i n s u l a t i o n  i n t o  the  

aluminum wing s t ruc tu re .  

the RPP r i b  outs ide the bu lk  i n s u l a t i o n  was a lso considered, as was t h e  heat 

conduction through the b u l k  i n s u l a t i o n  and i n t o  the support j o i n t .  

Cross r a d i a t i o n  from the  s k i n  t o  the p o r t i o n  o f  

CONFIGURATION DEFINITION 

Two types o f  attachments were considered. Attachment number 1 , 
the baseline, has a one-piece bracket  between the  attachment b o l t  and the  

aluminum s t ruc ture ;  and attachment number 2 has a two-piece bracket.  A 

number o f  v a r i a t i o n s  were considered f o r  each type o f  attachment. 

The three-dimensional thermal model used i n  the analys is  i s  shown 

i n  Figures 2 through 8. The model f o r  t h e  r i b  area i s  s i m i l a r  t o  t h a t  

which was used i n  Reference 2 t o  p r e d i c t  temperatures o f  the  r i b s  i n  t h e  

support j o i n t  area. The aluminum s t r u c t u r e  i s  represented by a b lock  o f  

aluminum w i t h  ad iabat ic  boundaries except a t  the  bracket, 

o f  the  t i t a n i u m  brace (F igure 1) upon the bracket  i s  neglected f o r  t h i s  

Also the  e f f e c t  

' analysis.  

THERMAL ANALYSIS 

The recovery temperature and the  convection heat t r a n s f e r  coef- 

I f i c i e n t s  used f o r  the external  s k i n  nodes were t h e  same as those used i n  

the r i b  analysis o f  Reference 2. 

l a t i o n  was i n p u t  as a f u n c t i o n  o f  t ime as given i n  Figure 9. 

The external  temperature o f  the  b u l k  insu- 

Thermal 

I property data used i n  the analysis i s  presented i n  the Appendix. 
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All the analysis except that  for  the ground t e s t  predictions i s  

based upon an i n i t i a l  temperature distribution obtained from Grumnan 

Aircraft Corporation. The temperatures varied from 275°F a t  the exterior 

surface t o  1 8 0 ° F  a t  the aluminum structure. This distribution represents 

worst-case conditions where the shut t le  makes a single o r b i t  before landing; 

and consequently, the structural temperatures remain h i g h  a t  time of entry 

.due t o  residual boost heating. A t  th is  stage in the shuttle development, 

the possibility of such high in i t i a l  temperatures a t  the time of reentry 

i s  not known. Near the completion o f  the analysis, North American Rockwell 

suggested using aq in i t i a l  temperature of 13OoF, so the l a s t  run 

(predictions for the ground t e s t  of the lug) uses 130°F. 

A summary o f  the results i s  presented in Tables I and 11. The type 

of insulation used in the different configurations i s  also indicated on the 

tables. The individual runs will be discussed i n  the following paragraphs 

i n  the order 1 isted in the tables. 

Computed temperatures as a function of entry time fo r  attachment 

No. 1 (one piece bracket shown i n  Figure 5) ,  variation 1 are shown i n  

Figure 10. Temperature of the RPP r i b  a t  i t s  interface w i t h  the s i l i c a  

insulator peaks a t  1721°F which is tolerable for the fused s i l i c a .  The 

s teel  b o l t  temperature peaks a t  1209"F, and the peak temperature of the 

Haynes bracket is 754°F; both of which are tolerable. 

temperature i s  385°F and rising a t  the end of the r u n  (4500 seconds). Since 

the aluminum temperature was already over the 350°F limit the r u n  was not 

continued. Extrapolation of the available data yields a maximum expected 

aluminum temperature not greater than 422°F. Note tha t  these peak 

The aluminum 
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temperatures are  summarized on Tables I and I1 for  each r u n .  Also the 

number of the figure containing the detailed results for each r u n  (Figures 

10 through 22) i s  included on the tables for  ready reference. 

Variations 2 and 3 of attachment type 1 considered additional alu- 

minum heat s i n k  in place of the s i l i c a  insulation a t  the cold end o f  the 

Haynes bracket. The  results of variation 3 show tha t  the temperature of 

the a luminum can be kept  below 350°F by using suff ic ient  additional heat 

sink (1.526" x 1.8" x 2.85"). 

The results using variations 4 and 5 show t h a t  a thickness of 

approximately 0.6'' sil icone laminate insulation a t  the bracket-aluminum 

interface is required to hold the aluminum temperature t o  below 350OF. All 

the previous runs have bden made for  s i l i c a  hard insulation a t  the bol t  

connecting the RPP r ib  .to the bracket. 

s i l i c a  to h i g h  density zirconia makes i t  necessary to  use thickerf (approxi- 

'mately -2 0.3" more) si l icone laminate insulation a t  the bracket-aluminum 

Changing the bolt  insulation from 

interface, as shown by the results for variation 6. 

The results for the one-piece bracket showed t h a t  relatively 

thick insulation i s  required tit the bracket-aluminum interface. 

thicknesses require l o n g  bo1 t s  which introduce possible structures problems. 

Because of this a two-piece bracket (called attachment Type 2 - see Figure 

6) was i nves ti  gated. 

These 

The results of the analysis for attachment type 2 are summarized 

i n  Table 11. Variation 1 utilized 0.25 inch  thick s i l i c a  between the hot 

end and cold end of the Haynes bracket. T h i s  configuration is  unsatisfactory 

because the peak aluminum temperature may be as h i g h  as 429OF. 
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I I n  v a r i a t i o n  2 o f  attachment type 2 most o f  t he  s i l i c a  i n s u l a t i o n  

I was rep1 aced w i t h  1 ower thermal conduc t i v i t y  Dyna-f 1 ex; w i  t h  t h e  s i  li ca 

re ta ined  only a t  the  b o l t s .  Although t h i s  arrangement lowered the  conduc- 

tance between the  h o t  and c o l d  ends o f  the Haynes bracket, t he  peak tempera- 

t u r e  o f  the  aluminum increased s l i g h t l y ,  s ince t h e  heat capaci ty o f  the 

i n s u l a t i o n  had been reduced. 

t o  6. l b / f t 3  f o r  the Dyna-flex). 

(The dens i ty  o f  s i l i c a  i s  118 l b / f t 3  compared 

I n  va r ia t i ons  3 through 7 o f  attachment type 2 the  c o l d  end o f  t h e  

~ 

bracket i s  made from glass s i l i c o n e  laminate. Computed temperatures as a 

f u n c t i o n  o f  en t r y  t ime f o r  v a r i a t i o n  3 are shuwn i n  Figure 17. Temperature 

o f  t h e  RPP r i b  a t  i t s  i n t e r f a c e  w i t h  t h e  s i l i c a  i n s u l a t o r s  peak a t  1721°F. 

The s t e e l  b o l t  temperature peaks a t  1208OF, and the  peak temperature o f  

the Haynes s t e e l  bracket i s  768°F. The peak temperature a t  the  i n te r face  

between the  Haynes and the  s i l i c a  laminate i s  645°F and the  peak aluminum 

temperature i s  292°F. A1 1 these temperatures a re  to le rab le .  

Va r ia t i on  number 5 was inves t i ga ted  t o  determine t h e  e f f e c t  of 

changing the  b o l t  i n s u l a t i o n  from s i l i c a  t o  z i r c o n i a  which has a greater 

thermal conduc t i v i t y .  For t h i s  conf igura t ion  t h e  peak temperature o f  the 

i n t e r f a c e  between the  s i l i c o n e  laminate and the  Haynes bracket reaches 800°F 

which i s  considered excessive. For t h i s  reason the run  was n o t  continued 

and hence the  peak aluminum temperature was n o t  obtained. 

Two methods were considered f o r  reducing the  i n t e r f a c e  temperature 

t o  a t o l e r a b l e  value f o r  z i r c o n i a  i n s u l a t o r s  a t  the  b o l t .  

ness o f  the Haynes bracket was reduced from 0.2" t o  0.1" - v a r i a t i o n  6. 

This gave even worse r e s u l t s  than before because o f  the  reduced heat capa- 

c i t y  o f  t he  bracket. The second method proved t o  be s a t i s f a c t o r y  because 

F i r s t ,  the t h i c k -  
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the peak interface temperature was reduced t o  700°F and the peak aluminum 

temperature i s  only 284°F. T h i s  method used the 0.1” thick bracket of 

variation 6, b u t  the thickness of the bracket a t  the interface location was 

increased t o  0.4” t o  provide more heat sink a t  t h a t  location. Although this 

may not  be a practical way t o  build the bracket i t  does indicate that  with 

proper location of the mass of the bracket zirconia insulators may be used 

a t  the bo1 t. 

Attachment type 2 was selected for the t e s t  configuration because 

in addi t ion t o  providing adequate thermal margin i t  avoids thick insulators 

with long bolts,  and i s  very flexible w i t h  respect t o  design changes. Two 

test  configurations were analyzed: a preliminary configuration (Figure 7) ,  

and a final configuration (Figure 8) w h i c h  incorporated required structural  

changes. 

The predicted temperatures for  the preliminary design of the 

lug  t e s t  configuration are shown in Figure 21. The thermal model for tkb 

bracket i s  shown i n  F i g u r e  7 and ut i l izes  a polyimide fiberglas piece a t  

the cold end o f  the bracket and Inconel 718 a t  the hot end of the bracket. 

The predicted temperatures plotted on Figure 21 shw t h a t  the aluminum 

temperature has increased only s l ight ly  for the f i r s t  4500 seconds o f  entry 

time. 

indicates the peak aluminum temperature would probably be less than 3OOOF 

for  this configuration, and a l l  o f  the temperatures are tolerable. This 

run was not continued because final details  o f  the test  configuration became 

available so the thermal model was changed to  agree w i  t h  the t e s t  

configuration. 

Comparing the trends of the temperatures t o  those for previous runs 
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The thermal model o f  the  t e s t  bracket  i s  shown i n  Figure 8. The 

thickness o f  t he  Inconel  was increased t o  g i ve  more support  area a t  t he  

b o l t  insu la to rs ,  and aluminum angles were added a t  the co ld  end o f  t he  

bracket. 

Predicted temperatures f o r  the f i n a l  con f igura t ion  are shown i n  

Figure 22. The aluminum temperature increases on ly  13°F i n  9000 seconds 

o f  time. Extrapolat i .on o f  the  data ind ica tes  the  peak aluminum temperature 

w i l l  no t  be greater  than 241°F. A l l  the peak temperatures f o r  t h i s  configura- 

t i o n  are  below the  al lowables. 

SUMMARY: 

(1) 

(3 )  

A two piece attachment bracket  was se lected f o r  t he  t e s t  

con f i gu ra t i on  (see Figure 8). 

Predic ted peak temperature o f  the aluminum subst ructure f o r  the 

se lected attachment conf igura t ion  i s  241"F, which i s  w e l l  b e l w  

the  350°F allowed. 

Changing from s i l i c a  t o  h igh  densi ty  z i r c o n i a  b o l t  i n s u l a t o r s  

a t  the  RPP l u g  increases the  heat conduction through the  

insu la to rs ,  f o r  a given i n s u l a t o r  design. Results f o r  v a r i a t i o n s  

5 and 6 o f  attachment type 1 show t h a t  approximately 0.3 inch,. 
- 

t h i c k e r  i n s u l a t i o n  i s  requi red a t  t h e  bracket  - aluminum i n t e r f a c e  

i n  o rder  fo r  t he  z i r c o n i a  design t o  y i e l d  the  same aluminum 

temperature as the  s i l i c a  design. 
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APPEND1 X 

MATERIAL THERMAL PROPERTIES 

Thermal property data used in the analyses are presented 
herein. 
Material densities are presented i n  Table 1 .  
1 is an index t o  the other tables. 

Part of the data i s  based upon SRI data from Reference 1. 
Note also t h a t  Table 
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Only t h e  windward s i d e  attachment i s  considered i n  t h i s  s tudy.  Analyses were 

performed dur ing  Phase I1 (Reference 1) t o  determine t h e  i n s u l a t i o n  requi red  t o  
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protec t  t h e  wing s t r u c t u r e  having a 650°F temperature  l i m i t a t i o n .  

t u r e  l i m i t a t i o n  has been changed t o  350°F f o r  Phase I11 analyses .  

"he tempera- 

A number of attachment concepts were considered and t h e  r e s u l t s  of thermal  

ana lyses  were used t o  h e l p  guide i n  t h e  s e l e c t i o n  of t h e  attachment conf igura t ion  

t o  be ground t e s t e d .  

t h e  support  l u g  were repor ted  i n  Reference 2 .  

A t e s t  of t h e  support  l u g  performed on 29 September 1972 r e s u l t e d  i n  exces- 

Thermal ena lyses  performed p r i o r  t o  t h e  ground t e s t s  of 

s i v e  temperatures  a t  t h e  aluminum s t r u c t u r e  and t h e  polyimide f i b e r g l a s s  p a r t  

t h e i r  maximum al lowebles .  

Two tes t s  were performed with t h e  redesigned bracke t .  Both t es t s  (November 

3 and  8)  were performed i n  t h e  Space Environment Simulator a t  10 mm Hg pressure.  

This  w a s  done t o  have b e t t e r  c o n t r o l  of t h e  cooldown por t ion  of t h e  tes t  s o  a s  

t o  avoid overhea t ing  due t o  convection and/or combustion e f f e c t s  experienced i n  

t h e  2 9  September t e s t ,  which was done a t  ambient condi t ions .  

P.11 temperetures  f o r  t h e  two tes ts  performed on t h e  redesigned bracke t  were 

well below t h e i r  a l lowed  maximums. 

imide f i b e r g l a s s  was cons ide reb ly  above t h a t  p red ic t ed  wi th  t h e  thermal  model of 

t h e  t e s t  a r t i c l e ,  p o s t - t e s t  a n a l y s i s  was performed t o  improve t h e  thermal  model. 

Two mejor modif icet ions were made t o  t h e  t h e r m 1  model s o  as t o  make it y i e l d  

b e t t e r  egreement with t h e  t e s t  r e s u l t s .  

t h e  t h e r m 1  conduct iv i ty  of t he  inconel  p a r t s  of t h e  bracket  by 2@, and making 

t h e  c o e f f i c i e n t  a t  t h e  support  j o i n t s  a func t ion  of t h e  temperature  a t  t h e  j o i n t .  

TEST CONFIGURATION D E F I N I T I O N  

But s i n c e  t h e  a c t u a l  temperature  of t h e  poly- 

These changes cons i s t ed  of i n c r e a s i n g  



e n t r y  pressure  dur ing  t h e  high temperature  po r t ion  of t h e  t r a j e c t o r y .  

The t e s t  model included RPP s k i n  and attachment f lange ,  T-sea l ,  bu lk  

in su la t ion ,  j o i n t  b o l t ,  support  f i t t i n g  (bracke t ) ,  and primary s t r u c t u r e  (See 

Figures  1 and 2 ) .  

The t e s t  e r t i c l e  was heated through a s i n g l e  temperature-time cyc le  r ep re -  

s e n t a t i v e  

(1) on t h e  outs ide  of t h e  RPP s k i n  panels  and (2 )  on t h e  su r face  of t h e  i n s u l a -  

t i o n  a s  def ined  i n  R e f e r a c e s  3 and 4,  and on Figure  2 .  

of f l i g h t  condi t ions .  Heat input  was c o n t r o l l e d  a t  two loce t ions ,  

F i r s t  Test - 29 September 1972 

The t e s t  arrangement is  shown on Figure  2.  A t o t a l  of n ine  thermocouples 

were i n s t a l l e d  on t h e  t es t  a r t i c l e  a s  shown on t h e  figure. A coo l ing  a i r  duct 

was loca ted  as shown on t h e  f i g u r e  i n  order  t o  provide a i r  t o  be used i n  t h e  

cooldown por t ion  of t h e  t e s t .  Graphite h e a t e r s  were placed a s  shown t o  provide 
, 

t h e  hea t  i npu t .  Dynaflex (l2 FCP) was used t o  s imula te  i n s u l a t i o n  around the 

l ug .  

Figure 3 shows t h e  d e t a i l s  of t h e  support  j o i n t  b racke t ,  snd Fig.  4 shows t h e  

F i r s t  Retes t  - 3 November 1972 

Figure  5 shows t h e  d e t a i l s  of t h e  redesigned support  b racke t .  The fo l lowing  

d e t a i l s  of t h e  suoport  j o i n t  8 rea .  

major modif icat ions were made t o  t h e  des ign  of t h e  bracke t  t o  prevent  excess ive  

temperatures  a t  t h e  aluminum and t h e  polyimide f i b e r g l a s s .  

1. The contec t  8rea  between t h e  Inconel  bracke t  and t h e  s l eeve  was 

reduced. 

The length  of t h e  Inconel  bracket  was increased t o  provide a long 

conduction path and reduced f i b e r g l a s s  temperature .  

(The bracket  t h i ckness  was reduced from 0.25" t o  0.156".) 

2. 

3. The conduction ere8 through t h e  Inconel  bracke t  was kept t o  a m i n i m  

b y  removing t h e  low s t r e s s e d  a rea  a s  shown i n  Figure 5. 
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FIGURE 2 - TEST CONFIGURATION 
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4. Volume of t h e  simulzted zluminum f r o n t  b w m  w e s  increesed from 

3.04 i n 3  t o  4.0 i n 3  t o  be more r ep resen ta t ive  and inc lude  p a r t  af 

t he  0.1" t h i c k  aluminum p l a t e  behind t h e  i n s u l a t i o n .  T h i s  new value 

i s  probably s t i l l  conserva t ive  from e thermal  s tandpoin t  s i n c e  it i s  

assumed t h a t  t h e  a f t  s ide of t h e  p l a t e  i s  an  a d i a b a t i c  su r fece .  

Other d i f f e r e n c e s  between t h e  t e s t  se t -up  f o r  t h i s  t e s t  and t h e  September t e s t  

a r e :  

1. 

2. 

3. 

Re te s t  WBS done i n s i d e  t h e  Space Simulator  a s  mentioned previously.  

No cool ing  a i r  wss used f o r  t h e  re tes t .  

I n s u l a t i o n  a t  t h e  backside of t h e  g raph i t e  h e a t e r s  f o r  t h e  RPP 

s u r f a c e  was moved away from t h e  h e z t e r s  i n  order  t o  have be t te r  

c o n t r o l  of t h e  cooldown por t ion  of t h e  t e s t ,  and avoid p a r t  of t h e  

overheat ing experienced i n  t h e  l a s t  t es t .  C a l i b r a t i o n  da ta  showed 

t h a t  c l o s e  c o n t r o l  could be achieved through a t  l e a s t  t h e  f i rs t  40 

minutes of t h e  t es t .  Beyond t h i s ,  when t h e  temperature  of t h e  h e a t e r  

is  below about  1200°F, some conservatism w i l l  exist  (hea t  input  w i l l  

be t o o  g r e a t ) .  

ex t r a  h e a t  input  wes to le ra ted .  

Dynaquartz (10 PCF) i n s u l a t i o n  was s u b s t i t u t e d  f o r  Dyneflex i n  the  

l u g  a rea  t o  be more r e p r e s e n t a t i v e  of planned design.  

However, a n a l y s i s  showed high thermal margins, s o  t h e  

4. 

5. More thermocouples were used. A t o t a l  of 26 thermocouples were i n -  

s t e l l e d  on t h e  t es t  a r t i c l e  as  shown on Figure 6. 

The eluminum panel  112s bet ter  i s o l a t e d  from t h e  suppor t ing  s t r u c t u r e .  

F igure  7 shows d e t a i l s  of t h e  f i b e r g l a s s  phenol ic  i s o l a t o r s .  

Gree ter  ce re  was t aken  i n  i n s t a l l i n g  t h e  i n s u l a t i o n  i n  t h e  l u g  e re2  

S D  t h z t  d i r e c t  r e d i e t i o n  could not x c u r  from t h e  RPP l u g  t o  t h e  

inconel  b racke t ,  

6. 

7. 
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Second Re tes t  - 8 November 1972 

The tes t  se tup  f o r  t h i s  t es t  was t h e  same e s  f o r  t h e  3 November t e s t ,  

except f o r  t h e  fol lowing:  

1) I n s u l a t i o n  was i n s t a l l e d  i n s i d e  t h e  cu tou t s  i n  t h e  incone l  bracke ts .  

T h i s  was done t o  prevent  thermal  r a d i a t i o n  from the  hot  end t o  the  

co ld  end of t h e  brecke t .  

2 )  Thermocouple number 16 was moved from t h e  f r o n t  of t h e  i n s u l a t i o n  

t o  t h e  side of t he  i n s u l a t i o n  as  shown i n  F igure  6. 

TEST RESULTS 

A l l  t h r e e  t es t s  w i l l  be discussed i n  t h i s  s e c t i o n  but  major emphasis will 

be placed on the  second retest s i n c e  the  t o t a l  heat  input f o r  it m o s t  c l o s e l y  

r ep resen t s  f l i g h t  condi t ions .  

F i r s t  Tes t  - 29  September 1972 

Excessive temperatures  occured on t h e  polyimide f i b e r g l a s s  and on t h e  

s imulated aluminum f r o n t  beam. 

j o i n t  b o l t ,  1426'F 

Maximum temperatures  were 1640°F on t h e  support  

f o r  t h e  f i b e r g l a s s ,  and 450'F f o r  t h e  aluminum (see Figure  8). 

The test  and r e s u l t s  were d i sappo in t ing  f o r  a number of reasons:  

(1) Cooling a i r  t u rned  on a t  1380 sec t o  a s s i s t  i n  t h e  cooldown a t  

t h e  temperature  c o n t r o l  p o i n t s  was a b l e  t o  f low p a s t  the  i n s u l a t i o n  

end supply a d d i t i o n a l  unwanted hea t  t o  t h e  Incone l  l u g  j o i n t .  Thermo- 

couple temperature  r ise i n  these a r e a s  corresponds t o  the  i n i t i a t i o n  

of a i r  f low. 

( 2 )  The e i r  flow, while  proving e f f e c t i v e  a t  lower tempera tures  du r ing  

checkout, w a s  i n e f f e c t i v e  a t  peak opera t ing  temperatures .  The z i r  

flow enhanced t h e  combustion of t h e  red  hot  g raph i t e  heaters and 

cont r ibu ted  t o  i! t o t a l  hea t  load  app l i ed  t o  the  t e s t  a r t i c l e  s u b s t a n t i -  

a l l y  i n  excess of t h e t  planned. 
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(3) The j o i n t  hea t  t r a n s f e r  c o e f f i c i e n t  a c t u a l l y  experienced d u r i n g  

t h e  test  was probably h igher  than  t h a t  used f o r  t h e  p r e - t e s t  

p red ic t ions ,  e s p e c i a l l y  a t  t h e  h igher  temperatures .  The j o i n t  c o e f f i -  

c i e n t s  used were ex t r epo le t ed  from tes t  da t a  genereted on a previous 

RPP program a t  lower temperatures .  P o s t - t e s t  a n a l y s i s  showed t h a t  

t h e  use of i n f i n i t e  j o i n t  c o e f f i c i e n t s  compared t o  t h o s e  used i n  

t h e  i n i t i a l  a n a l y s i s  (100 BTlJ/hr ft2 'F) r e s u l t  i n  a 37°F i n c r e a s e  

i n  incone l  b o l t  temperature,  9 6 ' ~  inc rease  i n  f i b e r g l a s s  temperature ,  

and 3'F increase*in t h e  aluminum temperature.  The j o i n t  c o e f f i c i e n t s  w i l l  

be  d i scussed  more f u l l y  dur ing  d i scuss ion  of t h e  second retest r e s u l t s .  

(4) The above problems r e s u l t e d  i n  overheat ing and degradation of a stainless 

steel  nu t  (prev ious ly  checked f o r  1500°F c a p a b i l i t y )  on t h e  Inconel  

hollow b o l t ,  and overheat ing and c h a r r i n g  of the hot end of the polyimide 

f i b e r g l a s s ,  The Inconel  p a r t s  appeared s a t i s f a c t o r y  a s  d i d  t he  c o o l  

end of t h e  polyimide. With all t h i s  t h e  aluminum backface on ly  reached 

450'F. 

Based on t h e  ana.lyses of t h e  t e s t  r e s u l t s  it i s  be l ieved  t h a t  t h e  major 
I 

reason f o r  t h e  excess ive  tempera tures  was t h e  convection and/or c o m b ~ t i o n  effects 

e x i s t i n g  and noted dur ing  t h e  t e s t .  

F i r s t  Retes t  - 3 November 1972 

A l l  temperztures  f o r  t h i s  t e s t  were w e l l  below t h e i r  maximum al lcwables .  

The peak temperature  of t h e  polyimide was 550'F and t h e  peak tempera ture  of t h e  

aluminum was 255'F. 

T o t e l  hea t  input  f o r  t h i s  t e s t  was a l s o  cons iderably  above t h e  desired values  

a s  can be seen from a s tudy  of F igure  9. Test temperatures  of thermocouples 

I 2 and 10, which have more in f luence  on t h e  hea t  input  t o  t h e  j o i n t  t h a n  thermo- 

I couple number 1 does,  were higher  t h z n  des i red  d u r i n g  t h e  peek hea t ing  time and 

a l s o  considerably h igher  a f t e r  a t i m e  of about 2500 seconds. Heat i npu t  t o  t h e  

Y -+  4 i m p  -9 hRnc  ccnqnric 
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i n s u l a t i o n  was a l s o  h igher  t han  des i r ed ;  t h e  peak temperatures  of both 

thermocouples 3 and 16 were above 2500°F whereas only 2050°F was desired, 

Test da t a  f o r  t h i s  t e s t  a r e  presented  i n  F igures  10 through 14. 

Since t h e  peek polyimide temperature  was about 200°F g r e a t e r  t han  t h e  pre-  

t es t  p red ic t ion  of 345"F, e c lose  comparison was made between t h e  a c t u a l  t es t  

conf igura t ion  and t h e  thermal  model used i n  making t h e  p r e d i c t i o n s .  Aside 

from t h e  t o t a l  hea t  input ,  t h e  major d i f f e r e n c e  was t h a t  t h e  thermal  model d i d  

n o t  account f o r  thermal  r a d i a t i o n  i n s i d e  t h e  cut-out  areas of t h e  inconel  bracke ts .  

Although t h e  t o t a l  a r e a s  involved a re  small, t h e  temperature  d i f f e r e n c e  between 

the  hot  end and co ld  end of t h e  bracket  i s  l a r g e  so t h e  h e a t  t r a n s f e r  could be 

s i g n i f i c a n t - .  

(the tes t  temperature increased  much faster and peaked f a s t e r  t h a n  p red ic t ed )  

a l s o  ind ica t ed  t h a t  poss ib ly  a r a d i a t i o n  e f f e c t  ra ther  t h a n  a conduction e f f e c t  

was r e spons ib l e  f o r  t he  d i f f e r e n c e s  between tes t  and p red ic t ions .  

The shape of t h e  temperature  curve  f o r  the  cold end of t h e  bracke t  

Another d i f f e r e n c e  between t h e  t es t  a r t i c l e  and the thermal model involves  

the symmetry a t  t h e  c e n t e r l i n e  of t h e  T- sea l  s t r i p  between t h e  two l ead ing  edge 

panels .  A l l  t h e  thermal ana lyses  were done assuming symmetry and only  t h e  pane l  

w i t h  t h e  fixed l u g  was modeled. But t h e  test  r e s u l t s  i n d i c a t e  t h a t  more than  5 6  

of t h e  t o t a l  hea t  input  t o  t h e  aluminum en te red  through t h e  side w i t h  t h e  fixed lug.  

Thermocouples 5 and 8 were on the  ho t  and cold ends, r e s p e c t i v e l y ,  of the  incone l  

bracke t  on t h e  fixed panel ;  and thermocouples 22 and 2 3  were a t  corresponding 

l o c a t i o n s  on t h e  brecket  on t h e  s l i d i n g  panel.  Maximum tempera tures  a t  t h e  ho t  

ends of t h e  bracke ts  were l275"F f o r  t h e  fixed side and only  1175°F f o r  t h e  

s l i d i n g  s i d e  ( see  F igures  10 and 11). 

was 730°F end only  635" f o r  t h e  s l i d i n g  s i d e ,  

tes t  and p o s t - t e s t  ana lyses  w i l l  be included i n  a l a te r  sec t ion ,  t i t l e d ,  "Thermal 

Model Def in i t i ons" .  

Temperature drop through t h e  fixed s i d e  

Add i t iona l  d i scuss ion  of t h e  pre-  
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NOTE : Thermocouple 
Figure 6. 

l o c a t i o n s  a re  shown i n  

RPP WINDWARD SIDE LUG TEST .. NOVEMBER 3, 1972 



T143-DIH-2 -18 
Page 20  

! 
! ! i g  
.: . +.. .*z 

j 
j I 

N 

, I I 

1. 
I I 

, . ._- -. . .~ . . 

j i  
I-- - -!----- ' 7  
1 - 1  
i 
I .  . - .-. i 
i 
I 
L .. --__ --.L- .- 

FIGURE 11 

RPP WINDWARD SIDE LUG TEST - NOVEMBER 3, 1972 



TI43 - D I R - 2  -18 
Page 2 1  

I / 

! I I I 
I 

i 
i 

._ 

. .  . , . ._ 

-.--' - --.+- -- 

FIGURF: E! 

RPP WINDWA.RD SIDE LUG TEST - NOVEMBER 3, 1972 



"143-DIR-2 -18 
Page 22 



"143 -DIR-2  4 8  
Page 23 



T143-DIR-2- 18 
Page 24 

Af te r  a review of t h e  t e s t  da ta ,  it was decided t o  r e t e s t  w i t h  i n s u l a t i o n  

i n s t a l l e d  in s ide  t h e  cu t -outs  of t h e  bracke ts .  

Second Retes t  - 8 November 1972 

A l l  temperatures  f o r  t h i s  test  were w e l l  below t h e i r  maximum al lowables .  

The peak temperature  of t h e  polyimide was 450°F and t h e  peak temperature  of t h e  

aluminum was 231°F. These values were cons iderably  c l o s e r  t o  t he  p r e - t e s t  pre-  

d i c t i o n s  than  t h e y  were f o r  t h e  previous t e s t .  

T o t a l  hea t  input  f o r  t h i s  test  was much c l o s e r  t o  t h e  des i r ed  values  dur ing  

t h e  peak hea t ing  t ime than  it was f o r  t h e  previous tes t .  

des i r ed  temperatures  of t h e  RPP su r face  compared t o  t h e  tes t  values .  

t h e  temperatures  of t h e  more important thermocouples (2 and 10) were near  t h e  

desired values  dur ing  t h e  first 2500 seconds the  temperatures  after t h a t  t i m e  

F igure  15 shows t h e  

Although 

a r e  much g r e a t e r  t han  desired.  

i npu t  more t o t a l  hea t  i n t o  t h e  specimen than  desired; the re fo re ,  t h e  

temperatures  of t h e  bracket  a r e  conserva t ive  ( g r e a t e r  t han  those  f o r  f l i g h t  conditionr 

The effect of these h igher  temperatures  is  t o  

Test  r e s u l t s  f o r  t h i s  tes t  a r e  presented i n  F igures  16 t h m u g h  20. Locations 

of t h e  thermocouples a r e  shown on Figure  6. 

Two thermocouples (numbers 3 and 25)  were located on t h e  f r o n t  of the  i n -  

s u l a t i o n  near  t he  h e a t e r s  and one (number 16) was loca ted  on t h e  s i d e  of t h e  

i n s u l a t i o n .  

f o r  thermocouples 3 and 25 although t h e y  were both on the  f r o n t  sur face .  

t e s t  inspec t ion  of t h e  thermocouple i n s t a l l a t i o n  revealed t h e  reason f o r  t h e  

lower temperature of number 3.  

of t h e  i n s u l a t i o n  d i r e c t l y  f ac ing  a g r a p h i t e  hea te r ,  whereas thermocouple number 

3 wasburied 

h e a t e r .  

F igures  18 and 20 show a l a r g e  d i f f e r e n c e  between t h e  temperatures  

A post  

Thermocouple number 25 was l oca t ed  a t  the  su r face  

0.1" i n s i d e  t h e  i n s u l a t i o n  and w a s  not d i r e c t l y  f a c i n g  a g raph i t e  

Peek temperatures  were 2335°F f o r  number 25 and 1730°F f o r  number 3. 
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MOTE: Thermocouple l x e t l o n s  Ere  s h o m  in Figure 6 

FIGURE 16 
RPP WIND\!A.RD S I D E  LUG TEST - NOVEMBER 8, 1972 
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FIGURE 17 
HPP WINDWARD SIDE LUG TEST .- NOVEMBER 8, 1972 
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FIGURE 18 
XFP WINT>!dA.RD SIDE LUG TEST - NOV?iNBU 8, 1972 
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FIGURE 19 

RPP WINDWP.RD SIDE LUG TEST - NOVEMBER 8, 1972 
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FIGURE ‘20 

RPP WINDWARD SIDE LUG TEST - NOVENEER 8, 1972 
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Thermocouple number 16, p Sitioned a t  the  surface of the i n s u l a t i o n  on the 

side, peaked a t  1260~~. 

only, therefore the maximum temperature a t  the side was less than on the front. In  

the actual f l i g h t  conditions the sides of the  insulation w i l l  receive approximately 

the same thermal radiation as the  front of the insulation so i t s  temperature will be 

about the same as the front face. 

difference i n  temperatures for the side and frorit surfaces, analysis was done t o  

determine the effect  of the reduced side heating on the expected peak temperatures 

at  the aluminum and polyimide. 

difference i n  the predicted temperatures of the aluminum and polyimide with the 

higher temperature of the side insulation. 

Graphite heaters were placed a t  the front of the insulation 

Since the test heating setup resulted i n  quite a 

Results of the analysis showed less  than 10°F 

Although actual test temperatures f o r  the second retest were much closer t o  

predictions than the previous test, the actual maximum temperature of the polyimide 

was s t i l l  100°F higher than predicted. 

Post-test analysis was performed t o  determine changes required i n  the thermal 

model t o  make it give better predictions, so that it w i l l  be a more useful t oo l  

i n  f l ight  analysis. 

!EIERWG MODEL DEFINITION 

This post-test analyses w i l l  be discussed i n  the next section. 

The thermal analyses were performed using a three-dimensional thermal m o d e l  

and a VMSC computer routine which accounted for  heat conduction along the skin and 

RPP rib, across the contact surfaces at the support joint, through the steel bolt  

and the bracket, and across the insulation in to  the aluminum wing structure. 

radiation from the skin t o  the portion of the RPP r i b  outside the bulk insulation 

Cross 

and radiation along the expansion gap between the rib and sealing s t r ip  was considered, 

as was the heat conduction through the bulk insulation and in to  the support Joint. 

The three-dimensional thermal model used i n  the analysis i s  shown i n  Figures 

3,4,5, and 21 through 23. The model fo r  the r ib  area, Figure 21, i s  similar 

t o  that which was used i n  Reference 5 t o  predict temperatures of the ribs i n  

the support joint  area. The aluminum structure i s  represented by a block 
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of aluminum with a d i a b a t i c  boundaries except a t  t h e  bracke t .  Also  t h e  e f f e c t  

of t h e  t i t an ium brace (Figure 1) upon t h e  bracket  i s  neglected f o r  t h i s  a n a l y s i s .  

The recovery temperature  and t h e  convection hea t  t r a n s f e r  c o e f f i c i e n t s  

used f o r  t h e  e x t e r n a l  sk in  nodes were t h e  same a s t h o s e u s e d  i n  the r i b  a n a l y s i s  

of Reference 5. The e x t e r n a l  temperature  of t h e  bulk  i n s u l a t i o n  was input  a s  a 

f 'unction of time a s  given i n  Figure 24. 

and not presented i n  Reference 2 a r e p r e s e n t e d  i n  the  Appendix. 

Thermal p rope r ty  da t a  used i n  t h e  a n a l y s i s  

~ 

The thermal  ana lyses  performed i n  support  of t h e  September t es t  of t h e  

lug j o i n t  a r e  summarized i n  Table  1, which g ives  t h e  peak temperatures .  

f o r  t h r e e  of t h e  runs a r e  presented i n  F igures  25, 2 6  and 27. 

i s  f o r  z i r con ia  i n s u l a t o r s  a t  t h e  b o l t .  

end of t h e  bracke t  (polyimide i n t e r f a c e  temperature)  i s  582°F. 

Details 

F igure  25 f o r  Run A ,  

The p red ic t ed  maximum temperature  of t h e  co ld  

This i s  1 3 6 ' ~ . g r e a t e r  

, t han  t h e  maximum predic ted  f o r  s i l i ca  i n s u l a t o r s  a t  t h e  b o l t  fo r  Run C.  Figure 26, 

f o r  Run E, shows a pred ic ted  maximum of 6 1 8 " ~  a t  t h e  polyimide i n t e r f a c e  f o r  a n  a l l  

i ncone l  j o i n t  (hollow b o l t  and bushings. ) . 

Peak temperatures  obtained i n  t h e  t es t  are included i n  Table 1 f o r  

re ference .  

r equ i r ed  t o  make t h e  model p red ic t ions  match tes t  r e s u l t s .  

con tac t  c o e f f i c i e n t  from 100 BTU/hr ft O F  f o r  Run 12 t o  i n f i n i t y  f o r  Run 14 improved 

P o s t - t e s t  a n a l y s i s  was done t o  determine thermal  model modi f ica t ions  

Inc reas ing  the j o i n t  
~ 

2 

t h e  pred ic ted  polyimide temperature  by 100°F. 

Run 14. 

t u r e  of t h e  RPP a t  t h e  lug  j o i n t  t o  fo l low t h e  t e s t  va lues ,  Predic ted  maximum 

temperature  of t h e  polyimide was s t i l l  367°F below t h e  t es t  value.  

t h e  previous s e c t i o n  t h i s  d i f f e r e n c e  was a t t r i b u t e d  t o  convection e f f e c t s .  

F igure  27 shows t h e  r e s u l t s  f o r  

Run 15 was made us ing  i n f i n i t e  j o i n t  c o e f f i c i e n t  and f o r c i n g  t h e  tempera- 

A s  noted i n  

Table 2 i s  a summary of t h e  peak temperatures  obtained when varying var ious  

p a r t s  of t h e  j o i n t  and bracket  conf igura t ion .  These runs were made i n  order  t o  

determine t h e  inf luence  of t h e  system v e r h b l e s  upon t h e  p e d i c t e d  temperatures  

of t h e  polyimide and aluminum and t o  provide p r e - t e s t  p red ic t ions  f o r  t h e  re tes t .  

F igure  28 shows t h e  p r e T t e s t  p red ic t ions  f o r  Run 22. 
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Trblf  3 i s  F summary of t h e  pe:k temperetures  obt.si ea f o r  t h e  p o s t - t e s t  

e n a l y s i s  of t h e  November t e s t s .  

s en t  t h e  t e s t  r e s u l t s  s o  t h e s e  runs were made t o  determine requi red  model modifi-  

ca t ions .  RPP sk in  temperetures  were input  a s  e func t ion  of t i m e  per  t e s t  da t a .  

A number of thermal  model v a r i a b l e s  were changed independent ly  of each o ther  i n  

order  t o  determine t h e  required changes. The r e s u l t s  of t h i s  parametr ic  ana lyses  

a r e  summarized i n  Table 4. A s  a r e s u l t  of t h e  ena lyses  it was determined t h a t  . 

two major modi f ica t ions  t z I  t h e  model needed t o  be made. The f irst  wes t o  i nc rease  

t h e  t h e r m 1  conduc t iv i ty  of t h e  inconel  bracket  by 2@, and t h e  second vas t o  make 

t h e  j o i n t  c o e f f i c i e n t s  e t  t h e  b o l t  dependent on t h e  temperature  a t  t h e  j o i n t .  

Pre t e s t  p red ic t ions  d id  not a d e q w t e l y  r ep re -  

- 

Inc reas ing  t h e  thermal  conduc t iv i ty  of t h e  inconel  by 2 8  improved cons ider -  

a b l y  t he  predic ted  temperature  drop from t h e  hot t o  t h e  cold ends of t h e  bracket  

e s  shown by Runs 30 and 35. 

e f f e c t  on t h e  pred ic ted  temperature  a t  t h e  hot  end of t h e  bracke t .  

t h e  l i t e r a t u r e  showed t h a t  t h e  20$ i nc rease  was reasonable  f o r  t h e  fami ly  of 

n i c k e l  chromium a l l o y s  based on t h e  spread of conduc t iv i ty  t e s t  d a t a .  

a l s o  t h e  p o s s i b i l i t y  t h a t  p a r t  of t h e  inc rease  was r equ i r ed  t o  account f o r  t h e  

e f f e c t  of t h e r m a l  r a d i a t i o n  down t h e  gap between the  insulation and t h e  sides Of 

t h e  bracke t .  T h i s  r z d i a t i o n  was not included i n  t h e  thermal model because of 

t h e  l a r g e  number of nodes involved and computer run times requirements.  A s  a 

f u r t h e r  check on t h e  s u i t a b i l i t y  of u s ing  2 6  increased  inconel  conduct iv i ty ,  

Runs 38 and 39 were made with t h e  temperature  a t  t h e  hot  end of t h e  bracket  (node 

51)  he ld  a t  t h e  t e s t  da ta  values .  Resu l t s  of t h e  runs,  see Figure  31, show t h a t  

us ing  t h e  increased  conduc t iv i ty  y i e l d s  s a t i s f a c t o r y  p red ic t ions  of t h e  tempera- 

t u r e  drop  i n  t h e  inconel  bracke t .  

except  t h e  conduction area between t h e  s i d e s  of t h e  bracke t  and t h e  bulk  i n s u l e -  

t i o n  \*.ias reduced t o  more a c c u r a t e l y  r ep resen t  a c t u a l  t e s t  cond i t ions .  Thermo- 

couple l eads  e long  t h e  bracket  made it d i f f i c u l t  t o  have good con tac t  between t h e .  

( s ee  F igures  29 end 3 0 ) .  The change had only a small 

A review of 

There i s  

The model f o r  Run 39 was t h e  seme a s  f o r  38 
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i n s u l a t i o n  end t h e  brzcke t .  A l l  runs a i ' t e r  39 a l s o  used t h e  decreased 

conduction t o  t h e  i n s u l a t i o n .  

One D f  t h e  g r e a t e s t  unknowns involved i n  t h e  cons t ruc t ion  of t h e  thermal  

model of t h e  t e s t  c o n f i g u m t i o n  w a s  t h e  j o i n t  contac t  c o e f f i c i e n t s  a t  t h e  

i n t e r f a c e  of t h e  RPP and t h e  inconel  s leeve  and spacers .  A review of j o i n t  

c o e f f i c i e n t  t e s t  da t a  generated on a previous RPP program, Reference 6, i n d i -  

c s t ed  t h p t  a contac t  coe f f i c i en t  of 100 BTU/hr f t  OF was a reasonable  va lue  t o  

USE f o r  t h e  l u g  j o i n t  conf igura t ion .  That t e s t  da ta ,  which was obtained a t  

lower temperatures  than  occurred du r ing  t h e  lug t e s t s ,  a l s o  i n d i c a t e d  that t h e  

2 

c o e f f i c i e n t s  increased  cons iderably  with temperature .  

The r e s u l t s  of Runs 27 and 29 presented on Figure  32 show t h a t  much b e t t e r  

agreement with t e s t  da t a  is obtained f o r  t h e  first 700 seconds of time by us ing  

8 coe f f i c i en t  of 25 Bm/hr  fi*"F i n s t e a d  of i n f i n i t y .  

j o i n t  temperatures  a r e  r e l a t i v e l y  low. 

a c o e f f i c i e n t  of 25 BTU /hr  f t 2"F  r e s u l t s  i n  a much t o o  l e r g e  p r e d i c t e d  tempera- 

t u re  drop ac ross  t h e  j o i n t  (from nodes 37 t o  51). 

t empere tures  e t  t h e  j o i n t  i nc rease  t h e  a c t u a l  con tac t  conduction c o e f f i c i e n t  

i nc reases .  

c o e f f i c i e n t  from 25 BTU/hr ft20F t o  i n f i n i t y  a t  a time of 500 seconds.  

r e s u l t s  of t h i s  run  a r e  p l o t t e d  i n  F igure  33 , and show t h a t  a s t e p  change does 

not y i e l d  s a t i s f a c t o r y  p red ic t ions .  

During t h i s  t i m e  t h e  

After a time of TOO seconds t h e  use of 

Th i s  i n d i c a t e s  t h a t  as t h e  

Run 34 was made t o  show t h e  e f f e c t  of a s t e p  change i n  the con tac t  

The 

It should be noted he re  t h a t  t h e  l u g  t e s t  con f igu ra t ion  i s  the rma l ly  s a t i s -  

f e c t o r y  even i f  t h e  contac t  c o e f f i c i e n t  f o r  f l igh t  cond i t ions  i s  i n f i n i t e  through- 

out r een t ry .  

from 100 BTU/hr f t2"F  t o  i n f i n i t y  r e s u l t s  i n  about  a 100°F i n c r e a s e  i n  t h e  peak 

temperature  of t h e  polyimide; 8 150°F margin i n  t h i s  temperature  occurred f o r  

t h e  l u g  t es t .  

Resu l t s  of Runs 12 and 1 4  showed t h z t  i nc reas ing  t h e  c o e f f i c i e n t  

The thermal  model of t h e  j o i n i  Area W R S  changed t o  make t h e  thermal  con- 

d u c t i v i t y  curve f o r  t h e  inconel  a t  t h e  contac t  su r f aces  r ep resen t  a temperature  
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dependent j o i n t  c o e f f i c i e n t  e.nd t h e  r e s u l t s  a r e  presented i n  F igure  34 f o r  

Run 44. The j o i n t  c o e f f i c i e n t  var ied  from 25 BTU/hr f't2"F a t  180'~ t o  

40,000 BTU/hr f t2"F  a t  2000°F. Th i s  run elso included t h e  2@ i nc rease  i n  

inconel  conduc t iv i ty  which t h e  results of R u n  39 ind ica t ed  t o  be requi red .  

These changes r e s u l t e d  i n  much b e t t e r  agreement wi th  t e s t  .data. It i s  recommended t h a t  

f l i g h t  p r e d i c t i o n s  be made with t h e  increased  inconel conduc t iv i ty  but  wi th  an  i n f i n i t t  
contac t  c o e f f i c i e n t  i n  order  t o  be conservat ive.  

F igure  34 shows t h a t  t h e  p red ic t ed  peak temperature  of t h e  RPP lug 

(node 37) near t h e  j o i n t  i s  1OO'F 

d i c t e d  temperature  of t h e  hot  end of t h e  inconel  (node 51) i s  a l s o  140°F 

lower than  t h e  tes t  da ta .  P a r t  of t h e  reason f o r  t h i s  d i f f e r e n c e  between t h e  

lower than  test  da t a  even though t h e  pre-  

p red ic t ions  and t e s t  da.ta i s  t h a t  more than  h a l f  t h e  t o t a l  hea t  input  t o  t h e  

aluminum t r a v e l e d  through t h e  f i x e d  lug a s  was d iscussed  previously.  (Peak 

temperature  on t h e  hot  and cold ends of t h e  bracket  f o r  t h e  s l i d i n g  l u g  a r e  

shown i n  Figure 34 f o r  re ference .  

bracket  was 95°F less t han  for  t h e  f ixed  s ide . )  

Peak temperature  drop through t h e  s l i d i n g  

The thermal  model of t h e  t e s t  

conf igura t ion  was prepared f o r  t h e  f ixed  lug, and it was assumed t h a t  t h e  a r t i c l e  

was symmetrical  ebout t h e  cen te r  l i n e  of t h e  T-sea l  s t r i p  wi th  h a l f  of t h e  t o t a l  

h e s t  a p p l i e d  t o  each s i d e  of t h e  c e n t e r  l i n e .  

Note from Figure  34 t h a t  a f t e r  a time of 1500 seconds, a l l  t h e  p red ic t ed  

tempera tures  a r e  cons iderably  below t h e  test  da t a .  Th i s  t ends  t o  i n d i c a t e  t h a t  

more hea t  was input  t o  t h e  RPP than  was s imulated i n  t h e  p red ic t ions .  I n  order  

t o  inc rease  t h e  p red ic t ed  tempera tures  t o  t h e  t e s t  values  one of t h e  fol lowing 

methods would be requi red ,  (1) inc rease  t h e  thermal  conduc t iv i ty  of t h e  RPP s o  

t h a t  node 37 would get h o t t e r  o r  (2 )  i nc reese  t h e  RPP s k i n  temperatures  t o  values  

g r e e t e r  t hen  those  recorded du r ing  t h e  t e s t .  S ince  t h e r e  i s  no t e s t  da t a  t o  

j u s t i f y  tmking e i t h e r  of t h e s e  changes t h e  r e s u l t s  of Run 43 a r e  considered t h e  

f i n 2 1  p red ic t ions .  
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CONCLUSIONS 

(1) Resul t s  of t h e  lug  tests i n d i c a t e  t h a t  t h e  l u g  design is t he rma l ly  

s a t i s f a c t o r y .  Thermal margins on t h e  two c r i t i c a l  items, t h e  polyimide and 

aluminum peak temperatures,  a r e  150°F and 120°F re spec t ive ly .  

(2) The f i n a l  thermal  model of t h e  lug  tes t  a r t i c l e  y i e l d s  temperatwres 

which agree f a i r l y  c l o s e l y  w i t h  t h e  test da ta .  
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A FTENDIX 

MATERIAL THERMA L PROPERTIES 

Therm1  p rope r ty  dRta used i n  t h e  ana lyses ,  but no t  presented 
i n  Reference 4, a r e  presented here in .  

i n  Table 1. Note a l s o  t h a t  Table 1 is  a n  index t o  t h e  o the r  t a b l e s .  

Material d e n s i t i e s  a r e  presented  
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4 / -  k -  73 DESIGN INFORMATlON -RELEASE 

;ION INFORMATION: 

CT I ON 
.Thermal analysis of the f a i l  safe leading edge includes determination of s k i n  

ihickness, temperature distributions i n  s k i n  and ribs, and insulation requirements for  

rarious elements of the assembly. 

butions i n  skin and ribs was covered i n  a previous Task I document, T143-DIR-2-07, 

Calculation of skin thickness and temperature distri- 

Selec- 

i o n  and preliminary sizing of candidate insulation materials for  the canted heat shield 

iere accomDlished as Dart of Task 2 and were documented i n  T143-DIR-2-13. Thermal design 

if the lower, windward side suppor t  l u g  was performed i n  Task 3 and documented i n  T143- 

11 R-2- 1 1 And T143-DIR-2- 18. 

This DIR includes final sizing and thermal analysis o f  the canted heat shield and 

rpper panel insulation, bulk insulation around support lugs ,  lower panel insulation, and 

the upper support l u g  thermal design. Dynaquartz insulation, i n  10 PCF density for  the 

:anted heat shield,  uppe r  and lower panels, and i n  15 PCF density for  the support l u g s ,  
~~~ ~~ ~ ~~ 

ias selected over reusable surface insulation for  the ful l  scale tes t  a r t i c l e  considered 

lerei n , because o f  avai  1 abi 1 i t y  and cost advantages. Thermal properties used i n these 

malyses are documented in the DIR's outlined above and will not be repeated herein. 

Revision A has t o  do w i t h  only the predicted temperatures for  the leeward side I 
ug area, and affects only pages 47, 48, and 49. 1 
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CANTED HEAT SHIELD AND UPPER PANEL 

These two elements o f  the  design are considered j o i n t l y  due t o  thermal 

coupl ing between them. 

ignored t h i s  coupling, w i l l  be discussed f i r s t ,  fo l lowed by analys is  o f  the  coupl ing 

e f f e c t ,  heat shorts due t o  gaps i n  the i n s u l a t i o n ,  and heat shor ts  due t o  the 

S i z i n g  o f  the i n s u l a t i o n  thickness i n  each area, which 

t i t a n i u m  r i b  t russ.  

Canted Heat Sh ie ld  S i z i n g  
' 3  Thermal analyses were, performed t o  s i z e  the thickness. o f  Dynaquartz, 10 l b / f t  

densi ty,  requi red on the canted heatsh ie ld  f o r  the t e s t  a r t i c l e .  The thermal model 

I 

I 
employed i s  shown i n  Figure 1. The thickness o f  forward i n s u l a t i o n  was s ized  t o  

l i m i t  t h e  f i r s t  bondl ine temperature t o  600°F and the a f t  th ickness was s i z e d  t o  

1 i m i  t t h e  a1 uminum subst ructure temperature t o  350°F. 

t o  be 130°F. 

I n i t i a l  temperature was assumed 

Table I presents t h e  peak computed temperatures o f  the  f i r s t  bondl ine and 

o f  the aluminum f o r  var ious i n s u l a t i o n  thicknesses. 

TABLE I DYNAQUARTZ HEATSHIELD S I Z I N G  RESULTS 

, Forward I n s u l a t i o n  A f t  ' Insulat ion Bond1 i ne A1 umi num 
Thickness , Inches Thickness, Inches ' Temperature, O F  Temperature, O F  

2.5 
2.0 
1.5 

1 .o 
1 .o 
1 .o 

358 
439 
562 

275 
297 
346 

I On the bas is  o f  these r e s u l t s  the heatsh ie ld  c o n f i g u r a t i o n  w i l l  employ 1.5 

I inches t h i c k  Dynaquartz forward and 1.0 i n c h  Dynaquartz on the a f t  s ide.  Since 

analys is  i s  based on an i n i t i a l  temperature extreme o f  130°F no a r b i t r a r y  margins 

were incorporated. However, bondl ine temperature could be permi t ted t o  r i s e  t o  a t  

l e a s t  65OOF w i t h o u t  loss  o f  bond i n t e g r i t y ,  based on VMSC bond t e s t s ,  thus p r o v i d i n g  

s t r u c t u r a l  margin. Further,  coupl ing e f f e c t s  between the  canted heat  s h i e l d  and 

upper panel w i  11 reduce the a1 umi num temperature, p rov id ing  a d d i t i o n a l  margin as 

I w i l l  be discussed l a t e r .  
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I Upper Panel Insulation Sizing 

The inside surface of the upper RSI panel radiates t o  the aluminum structure 

( 3 5 0 O F  temperature l imit)  therefore i t  i s  important t h a t  the temperature of the 

inside of the panel be controlled sat isfactor i ly .  

shield also radiates t o  the aluminum as discussed previously i n  connection with the 

design of the canted heat shield. 

the radiation view factor was 1.0 from the a f t  side of the heat shield t o  the aluminum. 

ThereFore in the preliminary analyses of  the upper panel the following criterion 

was used: The temperature of the inside surface of the panel must be equal t o  or 

less t h a n  the temperature of the a f t  side o f  the canted heat shield. 

The a f t  side of  the canted heat 

I n  the heat shield analyses i t  was assumed t h a t  

Thermal analyses were performed for  the upper panel using a one dimensional 
I 
I 

~ 

thermal model. 

of the panel a t  the forward and a f t  end, respectively, w i t h  no inside insulation. 

The temperatures of the a f t  side of the canted heat shield and of the aluminum are 

included on the figures f o r  comparison. 

and are greater than t h a t  o f  the insulation surface on the a f t  of the canted heat 

shield up t i l l  a time of about 3500 seconds. Thereafter, the temperatures of the 

Figures 2 and 3 show the predicted temperatures of the inside surface 

I 
~ 

The panel inside temperatures increase fas te r  
! 

I 

I 

I 
I panel decrease and a f t e r  a time of 5000 seconds are less t h a n  t h a t  of the a f t  surface 

of the canted heat shield. 
~ 

I Adding insulation inside the upper panel would reduce the inside temperature, 

b u t  since design considerations make i t  desirable t o  have no insulation inside the 

upper panel, additional analysis was performed w i t h  a more complete thermal model 

t o  determine i f  the in i t i a l  design criterion was t o o  severe. 

analyses, discussed i n  the next section, show t h a t  no insulation i s  required on the 

inside surface of the upper panel structure.  

Combined Canted Heat Shield and Upper Panel 

Results of those 

Thermal analyses were performed t o  determine the effect  of coupling between 

the thermal response o f  the upper panel and the canted heat shield upon titanium and 
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titanium and aluminum, whose temperatures tend to peak a t  different times. 

a1 umi num structural temperatures and i nsul ation bond1 i ne temperatures. The thermal 

model employed i s  shown i n  Figure 4. 

density, were taken  from results of thermal analyses discussed above. 

3 Insulation thicknesses of Dynaquartz, 10 Lb/Ft  

The model 

included effects o f  cross radiation between the back surface of the canted heat 

shield a f t  insulation, the t i tan ium structure for the upper panel, and the aluminum 

spar. Heat conduction between the titanium and aluminum was a l so  included, as was 

I free convection i n  the forward and a f t  cavities. 

Maximum computed temperatures are summarized i n  Figure 5. I t  is seen that 

the maximum bondline temperature on the heat shield i s  572"F, which  is 10°F higher 

than was computed w i t h  the previous thermal model which did not include the upper 

I panel. However, th i s  temperature i s  s t i l l  w i t h i n  acceptable l imits.  The peak a luminum 

temperature is 293°F compared to 346°F with the previous model. The peak titanium 
I 

temperature i s  271°F foward and, 262°F a f t  compared to  345°F and 382"F, respectively, 

I computed previously. These reductions are due to heat interchange between the 

I transfer between the titanium and aluminum, indicated t h a t  the titanium forward end 

would peak a t  345°F a t  3000 seconds, a t  which time the a luminum would be a t  165°F. 

The temperature-time curves in Figure 6 for the current analysis show tha t  heat 

transfer from the t i t a n i u m  t o  the aluminum reduces the titanium temperature a t  this 

time t o  260°F and increases the aluminum t o  232°F. Conversely, previous analyses I 

indicated the aluminum would peak a t  346°F a t  7700 seconds, when the titanium was 

only a t  170°F. 

causes the a luminum temperature to  peak ea r l i e r  a t  5400 seconds, and reduces the 

peak aluminum temperature t o  293"F, while increasing the titanium t o  271°F. The 

As shown i n  Figure 6, heat transfer from the aluminum to  the titanium 

reason for  the tendency o f  the t i tan ium temperature t o  peak ea r l i e r  than the aluminum 

i s  t h a t  the upper panel is  much thinner t h a n  the canted heat shield.  An additional 

I reason for  the lower temperature i n  the current analysis is that  the aluminum spar 

l i s  12% longer than the canted heat shield,  providing additional heat sink which was 
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not included i n  the previous analyses. 

I n  summary, results of the current analysis i n d  

ment i n  temperature margin for the structural panels and 

bond1 i ne temperature, as compared w i  t h  previous analyses 

Titanium Rib Truss 

cate a substantial improve- 

only a s l i g h t  increase i n  

A 94 node, three-dimensional thermal model was developed for  the t i t an  um 

r i b  truss-aluminum spar interface region on the windward side of the heatshield The 

purpose of this model is  t o  evaluate the potential heatshort across the lower portion 

o f  the rib truss i n t o  the aluminum. The model is shown i n  Figures 7-10 and includes 

not only the heat short i t s e l f ,  b u t  also radiation from the a f t  side of the a f t  insul- 

ation t o  the a l u m i n u m  and conduction across the polyimide support bracket. 

Maximum computed temperatures in the aluminum are shown i n  Figure 11, which  

shows that  the 0.23 inch thick polyimide r i b  truss insulation adequately protects 

the aluminum i n  the heat short area. 

Insulation Gap Effect 

Previous analysis w i t h  no radiation gaps i n  the a f t  side of the canted heat 

shield has shown that  the predicted maximum temperature of the aluminum is  well 

below the allowed 350°F. 

a conservative simplified method was used t o  determine the predicted temperature 

increase of the aluminum due to radiation from the gaps i n  the heat shield. 

Since the margin 'on the a luminum temperature is considerable, 

The total  area on the a f t  side of the canted heat shield is 330 square inches. 

The gaps are 0.03" wide w i t h  a total  area of 3.9 square inches which is  1.16% of 

the total  area. In addition to the gaps there are 11 bolt  holes about 0.35 square 

inches each w i t h  a total  area of 4 square inches, w h i c h  i s  1.2% of the total  area. 

the radiating surface of the RTV was A worst case situation was assumed: 

assumed t o  be a t  the a f t  surface of the insulation and to  have an emissivity of 1.0 

and a view factor of  1.0 t o  the aluminum. The heat balance equation i s :  

Heat i n t o  aluminum = Heat radiated from gap 
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the  RTV bond temperature would be s l i g h t l y  l e s s  w i t h  t h e  gaps included. 

Temperature increase f o r  the  aluminum using t h i s  conservat ive approach i s  

where : 

& = 1.0 = em iss i v i t y  o f  r a d i a t i n g  surface 

P= 0.173 x BTU/hrft  O F  

A = 0.024 i n  

2 4  

2 

I F = 1.0 = view f a c t o r  

= 0.2 BTU/lb°F f o r  the aluminum 
2 

cP 
W = .Ol l b  f o r  1.0 i n  surface by .01 inch t h i c k  aluminum 

- = change i n  aluminum temperature per u n i t  o f  time, OR/hr A0 
AT 

= O R  = temperature o f  RTV bond surface 

um 

T!3 
= O R  = temperature o f  aluminum 

The change i n  temperature f o r  the aluminum was determined i n  a s tep  by s tep  

manner using temperatures f o r  T and Tal,,,,, from previous canted heat s h i e l d  analyses 

w i t h  no gap included. 
9 

Use o f  these temperatures r e s u l t  i n  some conservatism s ince  
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symmetry was assumed t o  pass through the 

Figure 12, and the  model was const ructed 

between t h i s  plane and the  RPP sk in .  Th 

ove ra l l  i n s u l a t i o n  design w i l l  r e s u l t  i n  

s k i n  s i d e  than from the inboard s ide .  

thickness, as shown i n  the  f i gu res .  Analyses were a l s o  performed f o r  a two inch  

thickness. 

various thicknesses o f  the t i t a n i u m  bracket.  

Eoth 10 PCF and 15 PCF densi ty  dynaquartz were considered, as w e l l  .as 

To s i m p l i f y  the  model, a plane o f  

midplane o f  t he  t i t a n i u m  bracket  i n  

h a l f  o f  t he  bracket  and i n s u l a t i o n  

s simp1 f i c a t i o n  i s  conservat ive s ince t h e  

grea ter  heat i n p u t  t o  the bracket  from t h e  

f o r  the 

I n  the  spanwise d i r e c t i o n  i n  F igure 13 the model inc ludes t h e  i n s u l a t i o n  

between the  t i t a n i u m  bracket  and t h e  support  l u g .  Only m e - h a l f  o f  t he  t i t a n i u m  -? 

bracket  th ickness was inc luded f o r  hea t  s i n k  f o r  nodes 6-8 and 76-78. The o ther  

h a l f  was a l l oca ted  f o r  heat  s ink  i n  the analys is  o f  heat  i n p u t  from t h e  support  

l u g  t o  t he  t i t an ium bracket,  which i s  considered i n  a l a t e r  sec t ion  o f  t h i s  D I R .  

The thermal model inc ludes the  cool  end o f  the  suppor t  l u g  Inconel  bracket ,  

the poly imide i nsu la to rs  and aluminum s t r u c t u r e  shown i n  F igure  14. I n  order  t o  

couple e f f e c t s  o f  heat  conducted down the  t i t a n i u m  bracket  w i t h  e f f e c t s  o f  heat f rom 

the Inconel  bracket ,  the Inconel  b racket  temperature a t  nodes 32, 33, 69 and 70 

and the  i n s u l a t i n g  temperatures a t  nodes 71 and 72 were taken from t h e  support  lug 

thermal analysis,  T143-DIR-2-18, and used as i n p u t  t o  the  thermal ana lys is .  Other 

i n p u t  temperatures taken from t h a t  analys is  are the RPP s k i n  temperatures a t  nodes 

29 and 30 o f  Figure 12. 

and 13 was taken from the  Task 2 heat  s h i e l d  analys is ,  T143-DIR-2-13. These i n p u t  

temperatures are presented i n  F igure 15. 

The i n s u l a t i o n  sur face temperature, node 25, o f  Figures 12 

The f i r s t  ana lys is  of t h e  support  l u g  i n s u l a t i o n  assembly was based on a 

2 inch  thickness o f  10 PCF dens i ty  dynaquartz and a 0.072 inch  t h i c k  t i t a n i u m  bracket .  

Results i nd i ca ted  t h a t  t he  i n s u l a t i o n  bondl ine would overheat, even though the  

computer run was terminated p r i o r  t o  the t ime of peak bondl ine temperature. 

add i t i ona l  analyses were made w i t h  15 PCF dens i ty  dynaquartz and var ious thicknesses 

Three 
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of i n su la t ion  and ti  tanium bracket  w i t h  the r e s u l t s  summarized below. 

Insulat ion Thickness 
Inches 

2 
3 
3 

.05 

.08 

.16 

T i  tanium T h i  ckness Peak Bond1 i ne 
Inches Temperature , O F  

89 8 
647 
590 

I t  is seen t h a t  the f i n a l  design combinat on maintai ns the  bond1 i ne below 

i t s  temperature l i m i t  of 600°F. 

ture was so h i g h ,  considering r e s u l t s  of the canted hea t  sh i e ld  ana lys i s  which  show 

I t  was somewhat surprising t h a t  the bondline tempera- 

temperatures below 600°F w i t h  1 .5  inches of 10 PCF dynaquartz. The h i g h  temperature 

for the support lug in su la t ion  assembly is  due t o  three-dimensional heat conduction, 

w i t h  heat  t r a n s f e r  t o  the  bondline from th ree  in su la t ion  faces. I t  should be noted 

t h a t  thermal conduct ivi ty  da ta  was not  ava i l ab le  f u r  15  PCF dynaquartz. Based upon 

conduc t iv i t i e s  of 9 and 15 PCF Lockheed su r face  in su la t ion  i t  was assumed t h a t  

conduct ivi ty  o f  15 PCF dynaquartz i s  equal t o  t h a t  of 10 PCF dynaquartz. 

Peak computed temperatures f o r  the f i n a l  configurat ion a r e  presented i n  

Figures 16-18. 

which is well w i t h i n  t o l e r a b l e  l i m i t s .  

no t  peaked a t  the end of t he  computer r u n  a t  5300 seconds. 

rise o f  the aluminum a t  this time was only 113°F as compared t o  a temperature rise 

o f  110°F f o r  the previous support  j o i n t  ana lys i s  which d id  not include hea t  conduction 

from the  t i tanium b racke t ,  

considered excessive.  

Upper Lug Insu la t ion  Assembly 

Maximum temperature of the polyimide i n s u l a t o r  i n  Figure 1 8  is  397"F, 

The aluminum subs t ruc tu re  temperature had 

However, the temperature 

Hence, the heat  s h o r t  from the t i tanium bracket  i s  not  

The 152 node thermal model used f o r  ana lys i s  o f  the  upper lug in su la t ion  

assembly is  shown i n  Figures 19,  20 and 21. 

t i o n  thickness on one side of the insu la t ion  block and 2.0 inch on the o the r  s i d e s ,  

as shown i n  the  Figures.  

a l l  s i d e s .  The in su la t ion  was 15 PCF dens i ty  dynaquartz. Various thicknesses  were 

This model i s  based on 2.5 inch insula- 

Analyses were a l so  performed f o r  a 2.0 inch thickness  on 
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analyzed f o r  the t i t a n i u m  bracket.  

t he  model includes the  i n s u l a t i o n  between i t s  exposed surface and the t i t a n i u m  

bracket, and one-half o f  the  bracket  thickness was inc luded f o r  heat s ink .  However, 

the  model extends from the  s k i n  t o  the  i n s u l a t i o n  surface opposi te  the sk in ,  r a t h e r  

than inc lud ing  only h a l f  t h i s  reg ion  as f o r  t he  lower lug.  This i s  due t o  a l ack  

of thermal symmetry f o r  the upper lug, which i s  exposed t o  r e l a t i v e l y  h igh  tempera- 

tures a t  the i n s u l a t i o n  surface, b u t  much lower s k i n  temperatures. 

As w i t h  the  lower lug,  i n  the  spanwise d i r e c t i o n ,  

~ 

I n s u l a t i o n  sur face temperatures, nodes 1 and 25, were taken from Task 2 heat 

s h i e l d  analys is  T143-DIR-2-13 and cross r a d i a t i o n  analysis,  T143-DIR-2-07. Sk in 

temperatures, nodes 29 and 30, were taken from upper. support  l u g  thermal design 

analyses discussed l a t e r  i n  t b i s  DIR.  These i n p u t  temperatures are presented i n  

Figure 22. 

The f i r s t  analys is  o f  the i n s u l a t i o n  assembly was based on 2 i nch  i n s u l a t i o n  

th ickness on a l l  s ides o f  the  i n s u l a t i o n  block, and a 0.10 inch  t h i c k  t i t a n i u m  
I 

I b racket.  Results i nd i ca ted  t h a t  the  i n s u l a t i o n  bondl ine would overheat; there fore  th ree  
I 

add i t i ona l  analyses were made w i t h  var ious thicknesses o f  i n s u l a t i o n  on one s ide  

(dimension A o f  F igure 20), a constant 2-inch i n s u l a t i o n  th ickness on the  o ther  two 
I 
I 

I s ides (dimensions B and C o f  Figure 19) and var ious t i t a n i u m  bracket  thicknesses. 

The r e s u l t s  are summarized below. 

I n s u l a t i o n  Thickness 
( D i  mens i on A) Ti tanium Thickness Peak Bond1 i ne 

Inches Inches Temperature, O F  

2 
2.5 
2.5 

0.15 
0.10 
0.16 

61 0 
61 0 
556 

I I t  i s  seen t h a t  the f i n a l  design combination maintains the bondl ine below 

i t s  temperature l i m i t  o f  600OF. Peak computed temperatures f o r  t he  f i n a l  con f i gu ra t i on  

I a re  presented i n  Figures 23 and 24. 
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Lower Lug I n s u l a t i o n  Near Support Lug B o l t  I 

I 
The bu lk  i n s u l a t i o n  f o r  the l u g  i s  he ld  i n  place by a t i t an ium bracket  as 

I shown i n  Figures 16 and 17. The bond used t o  a t tach  the i n s u l a t i o n  t o  the  bracket  

~ 

has a maximum al lowed temperature o f  600OF. Since the  thickness o f  i n s u l a t i o n  pro- 

t e c t i n g  the  bond w i l l  be a minimum near the end o f  the l u g  attachment b o l t ,  t h i s  

area was considered i n  d e t a i l .  Only the  windward s ide  l u g  area was considered s ince  

I heat i n p u t  i s  g rea ter  f o r  i t  than f o r  the  leeward s ide.  

Pre l iminary analyses showed t h a t  a computer analysis accounting f o r  the  

t rans ien t  e f f e c t s  was required, so a thermal mode1 o f  the  area was constructed. 

Figure 25 shows the  two-dimensional thermal model. Maximum temperature o f  t he  b o l t  

dur ing the  ground t e s t  o f  t he  windward l u g  was 1320°F as repor ted i n  T143-DIR-2-18. 

Temperature versus t ime obtained f o r  the b o l t  dur ing  the  t e s t  (see Figure 26) was 

i n p u t  i n  the model f o r  node 12 represent ing the  b o l t .  

I 

Predic ted bondl ine temperature versus t ime i s  shown i n  Figure 26, i n d i c a t i n g  

a peak temperature o f  633°F. This temperature should be q u i t e  conservat ive s ince  

only a 0.032 inch  thickness o f  t i t a n i u m  was inc luded i n  the model. As discussed i n  

I the previous sec t ion  on the  lower l u g  i n s u l a t i o n  assembly, the  t i t a n i u m  bracket  i s  

0.16 inch  th ick ,  and one h a l f  o f  t h i s ,  0.08 inch  was a l l oca ted  f o r  heat s i n k  fo r  

b o l t  heat t rans fe r  t o  the  bracket. The assumed i n i t i a l  temperature o f  130°F i n t r o -  

duces add i t i ona l  conservation, such t h a t  the  bondl ine temperature l i m i t  o f  600°F 
I 

~ should n o t  be exceeded. 

LOWER PANEL INSULATION 

The external  surface o f  t he  wing a f t  o f  the  RPP lead ing  edge panel cons is ts  

I o f  an i n s u l a t i n g  panel. The i n s u l a t i o n  i s  at tached t o  a t i t a n i u m  panel which i n  

t u r n  attaches t o  the  aluminum s t r u c t u r e  o f  t he  wing. Maximum temperature al lowed 

on the aluminum i s  350°F, there fore  thermal analyses were performed t o  determine a 

s a t i s f a c t o r y  method t o  at tach the panel t o  the aluminum. 

I 

~ 



T143-D I R- 2- 19 
Page 34 of 49 

n 
29 

14- .- .*. I5 . *‘6 - .-* 17 

3 , 3 e 3 L  37 0 39 41 
34 36 32 4; 

, €=a22 
.r 

i .. 

A 
O,O/ ‘ I  R W  560 
BOND (2 PLACES) - 

20 PCF FOAM 
0.1’’ T H /  c r( 

4- 

!-5 

SYM ME TRI C A L 

- . . - 



T143-DIR-2-19 
Page 35 of 49 



T143-DIR-2-19 
Page36 of 49 

A two-dimensional thermal model of the panel area was constructed and 

computer routine LVV620 was used t o  ob ta in  predicted temperatures. 

model used in the analyses i s  shown i n  Figure 27. As explained on the Figure, 

The thermal 

tion for the locat ion near the bracket b u t  i t  i s  conservative for  the area between 

the model does not  represent the final design configuration, b u t  temperatures 

obtained with i t  should be conservative based upon results obtained during analyses 

of the upper panel. During t h a t  analysis i t  was found t h a t  the following two 

comb4nations o f  materials resulted in approximately the same temperature response for 

the inner surface: 

1.5" LI1500 1.28" 10 PCF Dynaquartz 

0.05" Ti tani um 

0.09" Foam 0.2" Foam 

0.064" Titanium 
and 

0.02" RTV Bond 

comparing the differences between the model used in the lower panel analysis and 

the final design of the lower panel t o  the differences in the models used in upper 

panel analysis, indicates t h a t  approximately the same temperature response would be 

obtained for  both the final and in i t ia l  designs of the lower panel. 

The final design of the panel also includes bulk insulation on the inside of 

the t i tan ium panel, 

tend to  result  in lower predicted temperatures for the titanium and aluminum since the 

Addition o f  this b u l k  insulat ion t o  the thermal model would also 

additional insulation would serve as heat sink. (The thermal model assumed an 

adiabatic surface a t  the titanium), 

Since the actual construction detai ls  of the aluminum panel were no t  available, 

a conservative approach was taken and only the part  of the aluminum i n  contact with 

the polyimide spacer was included in the model, This i s  probably a fa i r ly  good assump- 

I the polyimi de spacer. 

I The recovery temperature and the convection coefficients used for the 



\ 
\ 

\ 

I 
I 

- .. ~ 

' I  
I I  

\ I \ 
' I  L 



T143-DIR-2-19 
Page 38 o f  49 

external  nodes were the  same as those used i n  the r i b  analyses o f  Tl43-DIR-2-07. 

M u l t i p l i c a t i o n  fac to rs  used t o  modify the  convection c o e f f i c i e n t s  (which were f o r  

the maximum heat ing l oca t i on )  were 0.423 a t  node 1 , 0.411 a t  node 8, and 0.406 

a t  node 15. 

Predic ted temperatures are shown i n  Figure 28 f o r  the con f igu ra t i on  w i t h  

a 0.25" t h i c k  s t r i p  o f  poly imide i n s u l a t i o n  between the aluminum and the  t i t a n i u m  

panel. Temperatures o f  a l l  the  c r i t i c a l  loca t ions  are below the  maximum allowed. 

Peak temperature a t  t he  bondl ine between the i n s u l a t i o n  and the foam i s  about 550"F, 

50°F below the  600°F maximum allowed. Peak temperature a t  the  i n t e r f a c e  between the  

poly imide and the t i t a n i u m  i s  l ess  than 510°F which i s  w e l l  below the  700°F 

maximum allowed. Also the peak aluminum temperature, ext rapolated t o  be 333"F, i s  

below the  allowed 35OOF. 

An add i t i ona l  run was made w i t h  the  th ickness o f  the poly imide i n s u l a t i o n  

s t r i p  reduced from 0.25" t o  0.125". 

t o  381'F which i s  above the al lowed 350°F. 

i nd i ca tes  t h a t  a 0.2" th ickness o f  poly imide f i be rg lass  i n s u l a t o r  i s  adequate t o  

prevent the  aluminum temperature from exceeding 350°F. 

UPPER SUPPORT LUG 

Peak aluminum temperature increased from 333°F 

I n t e r p o l a t i o n  between the  two thicknesses 

Thermal analyses and ground t e s t  r e s u l t s  f o r  t he  windward s ide  l u g  were 

repor ted i n  T143-DIR-2-18. An a l l  metal j o i n t  was designed t o  connect t he  RPP l u g  

t o  the aluminum s t ruc tu re .  The thermal requirements f o r  the  leeward s ide  l u g  are  

d i f f e r e n t  from those f o r  the windward s ide  l u g  i n  the  fo l l ow ing  ways: 

tures o f  the RPP i n  the  area o f  the leeward s ide  l u g  are considerably lower than f o r  

the windward side, (2 )  the  distance from the  RPP surface t o  the wing s t r u c t u r e  i s  

(1) the  tempera- 

s fo r  the windward side, and (3)  t he  wing s t r u c t u r e  

t h  a design temperature l i m i t  o f  600"F, whereas 

j o i n t  i s  aluminum w i t h  a design temperature o f  350°F 

less  f o r  the leeward s ide  

a t  the leeward j o i n t  i s  t 

the  wing s t ruc tu re  a t  the 

than i t  

tanium w 

windward 
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The net effect  of  the differences i n  thermal requirements for  the two jo in t s  

is t o  make the windward side j o i n t  the cr i t ical  one from the thermal design s tandpoin t .  

In order t o  simplify the overall design and keep the number of different kinds of 

parts t o  a m i n i m u m  the leeward side j o i n t  was made similar t o  the windward jo in t  

where practical, even though this  may result  i n  thermal over design. 

A three-dimensional thermal model of the leeward side j o i n t  area was con- 

structed and computer analyses were performed w i t h  VMSC routine LVV 620. T h e  routine 

accounted for heat conduction along the s k i n ,  the RPP rib, across the support j o i n t  

and the bracket i n t o  the t i tan ium wing structure. Cross radiation from the skin to  

the portion of the RPP rib outside the b u l k  insulation was also considered, as was 

the heat conduction through the bulk  insulation into the suppor t  jo in t  and bracket. 

The nodal d i v i s i o n  of the model i s  shown i n  Figures 29, 30 and 31. The model for  

the r i b  area, Figure 29, i s  similar to  that  which was used i n  T143-DIR-2-07 t o  predict 

temperatures o f  the ribs i n  the support jo in t  area. 

The recovery temperature and the convection heat transfer coefficients used 

for the external skin nodes were the same as those used i n  the r i b  analysis of 

T143-DIR-2-07. The external temperature of the b u l k  insulation was i n p u t  as a 

function o f  time as given i n  Figure 32. Thermal property data used i n  the ana 

are documented i n  the appendices of T143-DIR-2-11 ‘and T143-DIR-2-18. 

I 

I Prior t o  the windward side analyses showing that  an a l l  metal jo in t  w 

y s i s  

u ld  

be satisfactory, a computer run was made w i t h  a j o i n t  composed of anIncone1 bolt  

and s i l i c a  insulating washers. 

Peak temperature o f  the titanium is only 329°F for this type j o i n t .  

The results of this r u n  are presented i n  Figure 33. 

Figure 34 shows predicted temperatures for the a l l  metal joint .  Peak 

temperature of the titanium is  452°F. 

of 100 BTU/hr-ft O F  and nominal conductance for the inconel. 

design of the bracket which was considerably l ighter than the final design was used. 

T h i s  run was made w i t h  j o in t  contact coefficients 
2 A l s o  a preliminary 
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F'IWWZ 3. - THERMAL MODEL OF CARBON-CARBON R I B  AND SKI" 

@ PAETTICIPATES IN CROSS-RADIATION 



FIGURE 30 - THEREiAL MODEL OF BULK INSUrPITION 
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Predicted temperatures for the f i n a l  bracket design are shown in Figure 35. 

Peak temperature o f  the t i tan ium i s  438°F w h i c h  i s  well below the allowed 600°F. 

This temperature should prove t o  be conservative since a joint  coefficient of inf ini ty  

(perfect contact a t  the j o i n t  bushings) was used. 

I t  was determined d u r i n g  the analyses o f  the lower support lug thermal t e s t  

that  a 20% increase in the thermal conductivity of lnconel yielded better agreement 

with the t e s t  results. I t  was recommended t h a t  th is  modification be included i n  

future analysis. Therefore, a run. was made with the increased conductivity and the 

results are shown i n  Figure 35. Peak temperature of the titanium increased by 22°F 

t o  460°F which i s  s t i l l  below the allowed 600°F. 

The predicted peak temperatures for  the runs are summarized i n  Table 11. 

The final design o f  the bracket i s  thermally satisfactory and has considerable 

margin for the peak temperatures. 



T143-DIR-2- 19 
Page 48 o f  49 
Revision A 



T143-DIR-2-19 
Page 49 o f  49 

Revis ion  A 

* 
0 a 
d 

h 

U 

aJ c 
0 - u 
S 

8-4 

! i , 
I , 

L 
0 cc 

.. -. h c, 
> *I- 

.- 
S 
ET, 

v) aJ 
*I- 

n 

Pc, 
5 a J  
C Y  

J-, 
V 
3 
U 
E 
0 u 

d m 00 
F- 
c 
F- 

m ( U  m m  
h d  

w 

tn 

n 
U 

LL 
0 

*I- ; /  
I M 

0 
N 

0 
0 - cn 

E 
v) 
J 

*r 

.r 
5 
c, 
9 
0 

v) tu 
3 

Y u 
cc) 
L 

ce 
0 
U 
S aJ 
c, 
0 
I 

m c, c 
0 
3 

c, 
5 

P 
CL: 

-I- 

a 

h 
m 
N 

aJ 
L 
7 
c, 
rd 
L a 
P 

c, 
E4 

.. I- 
Y 

n 
5 

c, c 
O 
3 

.I- 

u tn 
W 
I- 
O z 

0 z 
aJ 
TI 
0 z 



,2 -/5- 7, 
DESIGN INFORMATION -RELEASE 

O F  

I 37 

IRE". 
lODEL IS)  AND EFFI DIR. NO. 

GAP HEATING TEST T143-DIR-3-02 
DATE P A G E  

2-1-73 1 - 
SYSTEM REF. G. 0. NUMBER 

I Shu t t l e  Leading Edge Phase I11 3357-DA-1160 

Fill in block below for Information Release 

IN REPLY TO DIR. NUMWR 
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I INTRODU 

A ser ies  o f  t es ts  were performed on October 17-26, 1972 i n  the NASA MSC 10 MW 
I 

plasma a r c  f a c i l i t y  upon a model o f  the  s h u t t l e  wing lead ing  edge, i n  accordance w i t h  

t e s t  p lan  T143/5L-20202. The ob jec t ives  o f  these t e s t s  were as fo l lows:  

- Determine the  magnitude o f  the  gas leakage heat ing through the  seal  s t r i p .  

- Prov ide parametr ic data on e f f e c t  o f  f low and seal design v a r i a t i o n s  upon - 
\-- model temperatures. I 

- Provide conf i rmat ion o r  co r rec t i on  t o  gas leakage analys is  methods. 

- Evaluate p o t e n t i a l  methods o f  e l i m i n a t i n g  o r  reducing gas leakage heat ing.  I 
Th is  D I R  includes discussion o f  t h e  t e s t  model, t e s t  condi t ions,  procedure, measurements 

and r e s u l t s .  A pos t  t e s t  thermal analys is  o f  the  t e s t  model i s  a lso  presented. 

TEST MODEL 

A s i n g l e  t e s t  model, shown i n  Figures 1 and 2 and def ined i n  d e t a i l  i n  VMSC 

drawing T143T00008, and a ca l  i b r a t i  on model , def ined i n VMSC drawi ng T143T00016, were 

evaluated. This model was a f u l l  sca le  sec t i on  o f  the  FlSC 25K s h u t t l e  o r b i t e r  veh ic le  
I 

~ 

w ing t i p  lead ing  edge represented by the  NACA 0010-64 a i r  f o i l .  Th is  con f igu ra t i on  was 

se lected f o r  the fo l l ow ing  reasons: 
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1 )  Consistency w i t h  t e s t  f a c i l i t y .  

2) Des i r ab i l i t y  of employing a model w h i c h  will  represent entire gas leakage 

f 1 ow p a t t e r n  . 
Pre-test ana lys i s  results reported i n  T143-DIR-2-04 i n d i c a t e  model config- 

ura t ion  provides reasonable simulation o f  r een t ry  boundary l a y e r  flow. 

Basic model size was 12.5 inches wide by 5.25 inches long w i t h  a 1.61 inch 

3)  

leading edge radius  and model material  was bare RPP-1. 

spli t  i n t o  two sec t ions  by a seal s t r i p  w h i c h  provided f o r  a d j u s t a b l e  seal geometry. 

Four seal s t r i p s  were constructed t o  ob ta in  the nine s e a l  geometries i n  Figure 3. Model 

The w i d t h  of the model was 

ends were closed ou t  with g raph i t e  aerodynamic f a i r i n g s  and the downstream f a i r i n g  

included a vent t o  free stream. Mounting t o  a s t i n g  adapter  assembly was accomplished 

w i t h  a g raph i t e  back closure. 

model was instrumented w i t h  s ix t een  thermocouples, the loca t ions  o f  which  will be 

T h i s  closure was insu la t ed  w i t h  g raphi te  f e l t .  The  

shown i n  the tes t  results. 

Size and ex te rna l  contour o f  the c a l i b r a t i o n  model was i d e n t i c a l  t o  the test 

model, b u t  the material  was graphi te .  The model was instrumented w i t h  nine pressure  

taps  and n i  ne cal o r i  meters. 

TEST CONDITIONS 

The model was o r i en ted  a t  an angle  o f  a t t a c k  of 25" and a sweep angle  of 60" 

t o  the flow as shown i n  Figure 4. 

angle o f  a t t a c k  normal t o  the leading edge o f  43". 

oxidizing the bare  RPP model. 

e s t a b l i s h  flow conditions requi red  t o  meet the three tests poin ts  c a l l e d  fo r  i n  the test  

p l a n .  

tes t  condition could no t  be met. 

T h i s  o r i e n t a t i o n  results i n  a loca l  t h e o r e t i c a l  
I 

Nitrogen tes t  gas was used t o  avoid 
I 

Cal ibra t ion  runs were made w i t h  the g raph i t e  model t o  

Two o f  these were achieved, and these a r e  defined i n  Table I .  The high pressure 

TABLE I TEST CONDITIONS 
Test Enthalpy P i t o t  Wing Stag.  4" Dia. Wing S tag .  Expected Wing S 

Line He t i n g  Ra Poin t  BTU/Lb Pressure Line Press F l a t  Face Line Heat- h PS IA PS IA Heating ing Rap* B T U / F t  Sec 
Rate B T U / F t  Sec 
BTU/Ft2 Sec 

1 16,500 .18 .071 102 
2 11,000 . l l  ,041 55 

24.8 
24 

100 
60 
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B u l k  of the testing was performed a t  t e s t  p o i n t  1 ;  one t e s t  was performed 

a t  t e s t  p o i n t  2 .  

calorimeters on the calibration model , were 1/3 t o  1 / 4  o f  expected values , and the 

reason for this is  not presently known. The principal parameters requiring simulation 

are enthalpy and pressure, because o f  their  influence on boundary layer thickness. 

Since the values of these parameters for  the two lower pressure t e s t  poin ts  i n  the t e s t  

p l an  were achieved, i t  was decided t o  accept the low h e a t i n g  rates.  

i n  the discussion of post t e s t  thermal analyses t h a t  i n  order t o  obtain agreement 

between computed model skin temperatures and thermocouples i n  areas undisturbed by gap 

As can be seen, stagnation l ine heating rates ,  as  measured by 

I t  will be seen 

effects,  i t  was necessary t o  assume a stagnation l ine heating rate  of 42 BTU/Ft' Sec 

I a t  t e s t  point 1, which i s  i n  somewhat better agreement w i t h  expectations t h a n  the 

I calorimeters. 

Heating rate  and pressure distributions around the  model for t e s t  p o i n t  1 are 

defined in Figure 5. 

were established, a four inch diameter, f l a t  face model with a transfer reference calor- 

When t e s t  fac i l i ty  operating conditions for each t e s t  p o i n t  

~ 

imeter was inserted to establish a correlation between heating rate  on the model 

and t h a t  on the reference calorimeter. 

I t  should be noted that the enthalpies i n  Table I are preliminary values. 

I A recent NASA MSC memorandum indicates that the actual enthalpy may be either h ighe r  or 

I lower t h a n  the preliminary values, w i t h  an uncertainty range of 7200 t o  35,000 BTU/Lb. 
i 

TEST PROCEDURE 

When plasma arc operating conditions for a given t e s t  point were established 

the reference calorimeter was inserted t o  confirm the heating rate .  

was then inserted,' held for 120 seconds, and removed. 

zation of thermocouple readings w i t h  time. 

The t e s t  model 

This provided time for s tab i l i -  ,, 

I n  the f i r s t  t e s t  r u n  only exposure time 

~ 

was 60 seconds and thermocouples d i d  n o t  s tabl ize ,  therefore th i s  run was repeated. 

Dur ing  each t e s t  run surface temperatures were obtained a t  selected points by optical 
I 
~ 

1 py r ome t e  r . 
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TEST RESULTS 

Test r e s u l t s  are summarized i n  Tables I1 and I11 f o r  t h e  seal conf igurat ions 

Thermocouple measurements f o r  the  reference thermocouples upstream shown i n  Figure 3. 

o f  the tee, T17 and T18, and downstream, T14 and T15, were q u i t e  repeatable and i n  

I reasonable agreement w i t h  pyrometer measurements. The upstream reference thermocouples 

I read 160 t o  180°F h igher  than the downstream thermocouples, i n d i c a t i n g  h igher  heat ing 

ra tes  upstream, a1 though another c o n t r i b u t i n g  f a c t o r  was higher cross r a d i a t i o n  r e l i e f  

on downstream thermocouples due t o  r a d i a t i o n  out  o f  t h e  vent ho le  on the downstream end 

o f  the model. For a p re l im inary  evaluat ion o f  the data, undisturbed reference tempera- 

tures a t  t h e  tee leading and t r a i l i n g  edges were establ ished by i n t e r p o l a t i o n  between 

measured values f o r  T18 and T,9 on the stagnat ion l i n e  and T17 and T14 on the chord 

1 
I 
I 
I l i n e .  
I 

The h ighes t  temperature area i n  the seal  reg ion was the  leading edge o f  the 

tee, which r a n  about 180°F h igher  than the undistrubed value a t  the s tagnat ion l i n e  and 

160°F h igher  a t  the chord l i n e ,  f o r  a 0.025 inch  upstream gap between the  tee and the 
I 

I sk in .  This temperature was n o t  a f f e c t e d  s i g n i f i c a n t l y  by rounding the  edge o f  t h e  tee. 

~ 

On the s tagnat ion l i n e  i t  was increased about 14OOF over the value f o r  a 0.025 i n c h  

gap by increas ing t h e  gap t o  0.05 inch  and about 70°F by pro t rud ing  the tee  0.03 inch  

above the s k i n  surface. 

temperature o f  the seal  leading edge a t  the s tagnat ion l i n e  by 9O"F, over the  value f o r  

a 0.025 inch  gap, presumably due t o  suppressing cross r a d i a t i o n  coo l ing  e f f e c t s .  

F i l l i n g  the gap w i t h  carbon f i l l e r  mater ia l  increased the  

The next h ighest  temperature area on the seal  was the t r a i l i n g  edge o f  the 

tee, which ran  about 110°F above t h e  undisturbed value a t  the s tagnat ion l i n e  and 100°F 

h igher  a t  the  chord l i n e  f o r  downstream gaps up t o  0.05 inch. 

evaluat ions d i d  n o t  account f o r  thermocouple o r  t e s t  environment var ia t ions .  

Note t h a t  these pre l im inary  

I 
Increas ing the downstream gap t o  0.10 inch  (which i s  considered t o  be an un- 

I 

r e a l i s t i c a l l y  la rge  gap) increased t h i s  temperature a t  the s tagnat ion l i n e  by 450°F 

over the value f o r  s m a l l e r  gaps. The 0.10 inch gap a lso  increased the s k i n  temperature 
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immediately downstream of  the tee,  TZ3, by 280OF over the value for smaller gaps. The 

only effect  o f  f i l l i ng  the downstream gap, relative t o  gaps of 0.025 t o  0.050 inch, 

was i n  reducing temperatures on the skin and rib underneath the tee. Blocking this 

gap a t  the inter ior  flange o f  the tee and r ib  (-13 assembly) had no effect .  

Removing the tee completely and replacing i t  with a f i l l e r ,  as shown i n  Figure 

3 for the -14 assembly, increased the skin temperature downstream of the tee,  TZ3, by 

440°F over the value for  tees w i t h  small downstream gaps. 

THEMAL ANALYSIS 

I Thermal Model 

I Results of the gap heating tests show t h a t  temperatures on the tee seal are 

higher than those on the undistrubed portion of the model s k i n .  However, data  trends 

indicate t h a t  a large par t  o f  this temperature increase may be due t o  suppressed cross 

radiation cooling i n  the seal area. I t  i s  important t o  separate such effects from 

heating due t o  gap air leakage and surface disturbances. A thermal analysis was there- 

fore performed of the gap heating model t o  assess the relative importance of heat con- I ' duction and cross radiation effects as opposed t o  convective heating due t o  gaps. 

I A 166 node three-dimensional thermal model was developed for  the gap heating 

i model,  Three  s e c t i o n s  c u t  through t h e  modeJ are  shown i n  F i g u r e s  6 and 7.  The model 

includes effects of heat conduction i n  the RPP i n  spanwise, chordwise and across 

thickness directions. 

in carbon f i l l e r  material, as appropriate. 

inside of the s k i n ,  r ibs,  graphite f e l t  insulation, and downstream aerodynamic fair ing 

with vent holes. 

rates as determined by calorimeters on the calibration model, 

made t o  these heating rates t o  force agreement w i t h  thermocouples i n  undisturbed 

heating areas (nodes 15 and 18 a t  stagnation l ine and 14 and 17 a t  chord l i ne ) .  

in gaps was inferred by adjusting heating in these areas t o  force agreement between 

cal cul a t i  ons and thermocouple readi ngs , 

Heat transfer across gaps i s  by either radiation or  conduction 

Cross rad ia t ion  is included between the 

Baseline computer runs were made with external convective heating 

Adjustments were then 

Heating 
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I 

Undisturbed Heating Distributions 

In i t ia l  analyses t o  establish the undisturbed convective heating distribution 

were conducted for  the -3 assembly tee configuration shown in Figure 3,  with b o t h  up- 

stream and downstream gaps sealed. 

heating in the spanwise direction showed calculated temperatures t o  be below thermo- 

Results using calorimeter heating rates w i t h  constant 

couple readings by the following amounts. 

Stagnation Line 

Downstream Upstream 

340°F 490" F 

Chord Line 200" F 2 9 O O F  

To correct these differences i t  was necessary t o  incorporate the following 

changes t o  the undisturbed heating d i s t r i b u t i o n .  

- Increase stagnation l ine heating rate a t  tee centerline from 24.8 t o  42.3 

BTU/Ft2 Sec. 

- Incorporate a spanwise heating distribution defined by 5 t , l L - 0 3 1 6  where L 

i s  wetted distance from stagnation po in t  on upstream f a i r i n g .  

- Modify chordwise heating distribution as shown i n  Figure 5. 

I t  will be noted that  the exponent i n  the spanwise heating d i s t r i b u t i o n  relation N=-.316 

i s  intermediate between the values norrnaljy associated w i t h  purely stagnation l ine flow 

n=O and wedge or f l a t  plate f low, n=-.5. The f ina l ,  undisturbed heating distribution 

i s  shown in Figure 8. 

w i t h  measured values i n  Figures 9 and 10 and are i n  reasonable agreement. 

Heating in Disturbed Flow Areas 

Computed temperatures with this  heating distribution are compared 

In i t ia l  computer runs on the -3 assembly were performed with no heating i n  the 

upstream gap between the tee leading edge and skin. 

gave a temperature for  the tee leading edge, node 10, 73°F above t h a t  of the upstream 

undisturbed value, node 18. 

Results a t  the stagnation l ine  

Thermocouples indicated a temperature difference o f  202°F. 
I I t  was concluded t h a t  p a r t  (73°F) b u t  n o t  a l l  of the increased tee temperature was due 

~ 

t o  suppressed cross radiation cool ing caused by the carbon f i l l e r  and two thicknesses 



I s3 

T143-DIR-3-02 
Page 17 o f  37 

I 82 

I 79 

1 *O 
A 

I U 
I Y I I I 

7 



. 

n 

T143-DIR-3-02 
Page 18 o f  37 



P ?  

T 1 43- D I R- 3- 02 
Page 19 o f  37 



Tl43-DIR-3-02 
Page 20 of 37 

of RPP ( tee  and skin). 

upstream gap. 

joggle, assuming no gap heating results in underpredicting temperatures. 

Hence additional runs were made w i t h  convective heating i n  the 

Likewise, i n  the downstream gap between the tee t ra i l ing edge and skin 

I n  order t o  obtain agreement between computed and measured temperatures a t  

the tee leading and t ra i l ing  edges and on the skin i n  the downstream joggle area, the 

convective heating over the -3 assembly was se t  as shown in Figure 11. 

presents the rat io  of local hea t ing  rate t o  the undisturbed heating rate  a t  the same 

location. The local heating ra te  presented i s  the average heating rate  over the nodal 

heated area shown in Figure 11. 

external nodes i s  22 t o  24% above the undisturbed heating. On the tee leading edge 

This figure 

The heating on the tee leading and t ra i l ing edge 

node this increased heating m a y  be due t o  either heating i n  the 0.03 inch gap 

between the tee and the skin, or t o  increased hea t ing  over the external surface. 

I Likewise, on the tee t ra i l ing  edge node the increased heating i s  probably a t  least  

par t ia l ly  due t o  heating on the backward facing step o f  the tee. 

downstream cavity varies from zero t o  70% of undisturbed heating. 

I 

Heating i n  the 

The temperatures computed for the -3 assembly w i t h  the heating i n  Figure 11 are 

compared with measured temperatures in Figures 9 and 10. I t  is seen t h a t  the agreement 

l i s  generally quite good. The greatest differences are for the tee leading edge a t  

the chord l ine,  node 11, and the r i b  a t  the stagnation l ine,  node 3. The computed 

I temperature a t  node 11 is 295°F above the measured value. The local heating a t  this 
I 

location was not reduced t o  bring about  better agreement because for the -2  assembly, 

which also had a sealed upstream gap, the measured temperature a t  Tll was 337°F higher 
I 

I 

I 
I t h a n  for  the -3 assembly. On the other hand, for node 3 there was a consistent trend 

for the various assemblies of  computed temperature exceeding measured temperatures. 

The difference was greatest  for the -3 assembly (150°F) and the -7 assembly, bo th  of 

which had carbon f i l l e r  i n  the downstream gap. 
I 

For these two assemblies the difference 

i s  believed t o  be a t  least  pa r t i a l ly  due t o  inaccuracies in conductivity values used 

for the carbon f i l l e r  material. This will be discussed i n  more detail  l a te r .  
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The  heating distribution for  the -2 assembly is  shown in Figure 12. On 

The heating on the this assembly the downstream gap was opened up t o  0.025 inch. 

tee t ra i l ing edge external node and on the forward facing surface of the downstream 

cavity were the same as for the -3 assembly. 

floor was higher, varying from 21 t o  82% o f  undisturbed heating. T h i s  l a t e r  resul t  

was surprising, since no heating was required in the horizontal o r  vertical gap 

between the tee and rib t o  match measured temperatures. 

gaps would suggest l i t t l e  or no gap a i r  flow and would indicate heating in the cavity 

should be equal t o  t h a t  for the -3 assembly which had sealed gaps. This will be 

discussed i n  more detail  later. The most surprising result  for the -2 assembly was 

t h a t  in order t o  match measured temperatures i t  was necessary t o  impose increased 

heating on the tee leading  edge exterior nodes, even though the upstream gap was 

completely sealed as shown i n  Figure 12. T h i s  i s  not understood a t  this time. 

However, the heating on the cavity 

Lack of heating i n  these 

Comparisons between computed and measured temperatures for  the -2 assembly 

are given i n  Figures 13 and 14. The agreement i s  quite good except for the r i b  a t  

the stagnation l ine,  node 3, where the computed temperature exceeds the measurement 

by 1 O O O F .  A sSmilar, b u t  greater difference was also noted for  the -3 assembly. 

The heating distribution for the -1 assembly i s  shown in Figure 15. T h i s  

assembly is identical t o  -2 except t h a t  the downstream gap was further opened from 

.025 t o  .050 inch. The heating distribution i s  identical t o  t h a t  for the -2 assembly, 

except fo r  a s l igh t  increase i n  heating t o  the downstream cavity. 

tures are compared with measured values i n  Figure 16 and 17. 

are for the rib a t  the stagnation l ine Node 3 and the tee leading edge a t  the chord 

l ine node 11. The 77" difference for  node 3 i s  somewhat 1 ess t h a n  t h a t  noted previously 

for the -3 and -2 assemblies. The 337°F difference for  node 11 i s  similar t o  t h a t  noted 

for  the -3 assembly. The heating a t  this location was n o t  reduced t o  b r i n g  about better 

agreement for the same reason discussed i n  conjunction w i t h  the -3 assembly. There 

appears t o  be no logical reason for  TI1  t o  be 337°F lower on the -1 and -3 assemblies than 

on the -2 assembly. 

Computed tempera-' 

The greatest differences 
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The heat ing d i s t r i b u t i o n  on the -7 assembly i s  shown i n  Figure 18. On t h i s  

assembly the downstreani gap was sealed and the upstream gap was opened t o  0.025 inch. 

The only  area o f  increased heat ing was the tee leading edge where the  l o c a l  average 

heat ing was 15 t o  37% above the undisturbed value. 

previous tee  conf igurat ions and shows t h a t  opening the  gap d i d  n o t  increase heat ing on 

the tee leading edge. 

I 

This i s  i n  l i n e  w i t h  r e s u l t s  fo r  

Computed and measured temperatures f o r  the  -7 assembly are compared i n  

Figures 19 and 20. 

however, computed r i b  temperatures s i g n i f i c a n t l y  exceed measured values. 

was seen f o r  a l l  

f o r  the -3  and -7  assemblies, both o f  which have carbon f e l t  between the tee  and r i b  

i n  the downstream gap. 

accuracy, s ince  the  values used f o r  t h i s  proper ty  are measured values f o r  RPP-0, and 

the RPP-1 used i n  the t e s t  model should have s l i g h t l y  h igher  conduct iv i t y .  

I t  i s  more l i k e l y  t h a t  the f e l t  conduct iv i t y  i s  lower than t h a t  used i n  the  

I t  i s  seen t h a t  t h e  agreement i s  reasonable f o r  ex te rna l  temperatures, 

This t rend 

I tee conf igurat ions,  b u t  the magnitude o f  the d i f fe rences  i s  g rea tes t  

I 

I t  i s  be l ieved t h a t  t h i s  i s  n o t  due t o  RPP c o n d u c t i v i t y  in-  
I 

I 

I 

I 

analysis.  

a v a i l a b l e  data i n d i c a t e s  t h i s  would lower the  conduct iv i t y .  It should be noted t h a t  

the computed temperatures i n  Figures 19 and 20 r e f l e c t  a f e l t  c o n d u c t i v i t y  which was 

reduced by a f a c t o r  of 1/2 from the "nominal" values used i n  analys is  o f  the o t h e r  as- 

semblies. 

showed even greater  d i f ferences between computed and measured r i b  temperatures. 

The f e l t  was compressed somewhat i n  the model i n s t a l l a t i o n ,  and l i m i t e d  

A previous computer run  f o r  the  -7 assembly w i th  nominal f e l t  c o n d u c t i v i t y  

I t  i s  ev ident  t h a t  a f u r t h e r  reduct ion i n  f e l t  conduct iv i t y  i s  requ i red  t o  

b r i n g  about reasonable agreement i n  r i b  temperatures. Addi t ional  computer runs were 

made w i t h  f u r t h e r  reduct ions i n  f e l t  c o n d u c t i v i t y  f o r  bo th  the -3 and -7 assemblies. 

The r e s u l t s  showed t h a t  reducing f e l t  c o n d u c t i v i t y  s i g n i f i c a n t l y  improves agreement 

between computed and measured r i b  temperatures and only  s l i g h t l y  e f f e c t s  ex terna l  tee  

temperatures. From the s tandpoint  o f  i n f e r r i n g  heat ing  rates i n  d is tu rbed f low areas 

the only area which i s  a f f e c t e d  s i g n i f i c a n t l y  i s  the  f l o o r  o f  the downstream c a v i t y  

f o r  the  -3  assembly. Reducing f e l t  c o n d u c t i v i t y  w i t h  no change i n  heat ing on the 
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cav i ty  f l o o r  caused computed temperatures i n  t h i s  area, T2 and T8, t o  drop s i g n i f i -  

can t ly  below measurements. 

than shown i n  F igure 11. 

Hence the heat ing i n  t h i s  area i s  probably higher than 
I 

F ina l  computer runs f o r  the -7  and -3  assemblies were made w i t h  f e l t  con- 

The heat ing d i s t r i b u t i o n  on the -7  assembly was d u c t i v i t y  1/3 o f  "nominal" values. 

t h a t  shown i n  Figure 18, and computed temperatures are  shown i n  Figures 21 and 22. 

Heating on the -3 assembly was modi f ied as shown i n  Figure 23 by increas ing heat ing 

on the c a v i t y  f l o o r  t o  t h e  same values used f o r  the  - 2  and -1 assemblies. 

cussed e a r l i e r ,  i t  would be expected t h a t  heat ing i n  t h i s  area would be s i m i l a r  f o r  

these assemblies. Computed temperatures f o r  the -3 assembly a r e  shown i n  Figures 

24 and 25. 

As d i s -  
I 

1 
1 Computed and measured r i b  temperatures are i n  much b e t t e r  agreement f o r  

both - 7  and -3 assemblies w i t h  the  lower f e l t  conduct iv i t y .  External  tee temperatures 

are i n  s l i g h t l y  b e t t e r  agreement f o r  -7, w h i l e  f o r  -3 computed ex terna l  tee tempera- 

tures s l i g h t l y  exceed measurements. Cavi ty f l o o r  temperatures f o r  -3 are i n  reasonable 

agreement w i t h  measurements. 

The o ther  tee conf igura t ions  were n o t  analyzed i n  d e t a i l .  The -6, -15 and 

-9 assemblies should be analyzed l a t e r .  

gap t o  0.05 inch  and the  -15 assembly a lso  opened the  downstream gap t o  0.09 inch. 

The -9 assembly introduced a 0.03 inch protrusion of the t e e  above the sk in .  

assembly opened both gaps t o  0.025 inch, and i t  was n o t  analyzed because the e f f e c t s  o f  

each gap were analyzed separately f o r  the -2  and -7  assemblies. 

The -6  and -15 assemblies opened the  upstream 

The -12  

The o ther  assemblies 

were n o t  analyzed because, as discussed e a r l i e r  i n  the Test Results, the  parameters 

i nves t i  gated proved n o t  t o  have s i  gn i  f i  cant  e f f e c t s  o r  the design approaches represented 
\ 

were found n o t  t o  be favorable.  , 

Stagnation L ine Temperature'Profi le  
I 

Temperatures a t  the s tagnat ion l i n e  o f  t h e  -7 assembly a re  d e t a i l e d  i n  F igure 

26 i n  order  t o  i l l u s t r a t e  a complete p r o f i l e  o f  computed temperatures, i n c l u d i n g  loca-  

t ions where there were no thermocouples i n  the t e s t  model. 

an important fact, t h a t  i s  the temperature on the s k i n  T,55 imnediate ly  opposi te the 

This p resenta t ion  reveals 
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tee leading edge T 

This i s  due t o  r a d i a n t  heat  t rans fer  across the gap, s ince the convect ive heat ing i m -  

i s  almost as h o t  as the tee leading edge, 2642 versus 2669°F. 10 

posed on node 155 was undisturbed heat ing.  This ind ica tes  t h a t  mission l i f e  o f  the s k i n  

w i l l  be a f f e c t e d  by the d is tu rbed heat ing t o  almost the same ex ten t  as ' t he  tee. It had 

been thought, based on thermocouple data alone, t h a t  on ly  the tee was a f fec ted  by the 

d is turbed heating. 

APPLICABILITY OF RESULTS TO FLIGHT 

As p a r t  o f  the  seal s t r i p  gas leakage analys is ,  T143-DIR-2-04, a comparison. 

was made between t e s t  and e n t r y  f low parameters, as shown i n  Table I V .  This comparison 

TABLE I V  

COMPARISON BETWEEN PLASMA ARC TEST AND ENTRY 
FLOW PARAMETERS 

Enthalpy Boundary 
Entry f o r  P1 asma Layer En e r gy * Entry  Parameters 
T i  me Arc Test Thickness , I n f l o w  V e l o c i t y  A1 t i  tude 
Seconds BTU/Lb Inches BTU/Ft  Sec Ft/Sec F t  

* 

400 - 1.2** 0.525 25,400 258,000 
200 - 0.54** 1.342 19,900 225,000 
- 

1 
,f 13,435 0.342 0.612 - 

- 11,367 0.455 - - - 
- 5,928*** 0.173*** - - - 

0.05 inch  gap; energy i n f l o w  per f o o t  o f  gap length 
= Fl (E - Hw) 
I? = Mass i n f l o w  per  f o o t  o f  gap length,  Lb/Ft Sec 
H, tiw = enthalpy o f  a i r  en ter ing  gap and a t  w a l l  temperature, respec t ive ly ,  BTU/Lb 
- 

3 

** 8.00 inch  leading edge rad ius 

*** High pressure t e s t  p o i n t  which was n o t  achieved i n  gap t e s t s  

i n d i c a t e d  t h a t  boundary l a y e r  th ickness i n  the t e s t  would be less  than t h a t  i n  f l i g h t ,  

and energy i n f l o w  i n t o  gaps would be comparable t o  t h e  h igh a l t i t u d e  e n t r y  c o n d i t i o n  

and about one-hal f  o f  t h a t  f o r  the low a l t i t u d e  e n t r y  condi t ion.  Test r e s u l t s  i n d i c a t e  

t h a t  the d is tu rbed heat ing on the seal  i s  p r i m a r i l y  a rough body or c a v i t y  f low e f f e c t ,  

which i s  s e n s i t i v e  t o  boundary l a y e r  th ickness, r a t h e r  than an i n f l o w  e f f e c t .  

It should be noted t h a t  Scot t ,  i n  a NASA Memorandum o f  Dec. 12, 1972, computed 

P n t r v  hnirnrlarv l a v e r  t h i r b n n c e n r  1 n t . r n r  h\r I 4 1 - + n w  n C  G n  +n 713 + h a m  + h n r o  ;n T ~ h l n  T \ I  



T143-DIR-3-02 
Page 36 of 37 

The difference appears t o  be primarily i n  assumed leading edge radius which was 3 

inches i n  Scott 's  analysis and 8 inches in Table IV. 

thickness calculations for  the t e s t  model are comparable to those i n  Table IV for  

similar assumed enthalpy. 

Scott 's  boundary layer 

I 

Enthalpy for  the tes t s ,  however, has been measured by 

various means as between 7200 and 35,000 BTU/Lb, according t o  a Scott memorandum of 

Dec. 14, 1972. I t  i s  evident t h a t  this important parameter must be defined more 

I closely in order t o  make a firm comparison o f  entry and t e s t  flow parameters. 

Correlation of the disturbed heating rates from the present s tudy  w i t h  avail- 

I able analytical relations and other empirical data in the l i t e ra ture  is  a most desirable 

I next step in the analysis i n  order t o  provide a rational basis for application t o  f l i gh t  
I I conditions. However, i t  will be necessary t o  define the enthalpy for the tes ts  more 

closely i n  o rder  t o  perform such analyses w i t h  confidence. 

CONCLUSIONS 

o The t e s t  objective of evaluating various seal configurations from a thermal 

standpoint was met. 
l o Gaps should be maintained below 0.05 inch and tee protrusion s h o u l d  be avoided. 
, o The magnitude of temperature increase on the tee seal compared t o  the unperturbed 

s k i n  amounts to about 1 8 O O F  for  a 0.025 inch gap. Temperature increase on the 

skin immediately opposite the tee will be sl ightly less.  

o Alternate seal configurations represented by -13 and -14 assemblies are not 

beneficial. 

o Making the tee fully integral w i t h  the upstream panel would resul t  i n  increased 

temperatures of about 110°F for the downstream overlap area. l 
o Rounding o f  the tee leading edge i s  n o t  beneficial. 

o B o t h  increased convective heating and suppression o f  cross radiation cooling 

contribute significantly t o  the increased temperatures measured on the tee  seals .  
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RECOMMENDAT IONS 
l 

o CJhen the enthalpy o f  the  f low f o r  the  tes ts  has been more c lose ly  def ined, ad- 
I 

d i  ti onal analyses should be performed t o  c o r r e l a t e  heat i  ng ra tes  w i t h  avai 1 able 

theory arid empi r i ca l  data i n  the l i t e r a t u r e ,  and t o  apply r e s u l t s  t o  f l i g h t  

condi t i ons. 

o The post t e s t  thermal analys is  repor ted he re in  should be extended t o  evaluate 

e f f e c t s  o f  conduc t i v i t y  o f  RPP-3 versus RPP-1 and t o  inc lude ana lys is  o f  

add i t i ona l  tee  conf igura t ions .  

o Addi t ional  t es ts  should be performed a t  h igh  s tagnat ion pressures, poss ib ly  by 

use o f  zero sweep angle, f o r  s imulat ions o f  low a l t i t u d e  e n t r y  cond i t ions .  

o Add i t iona l  t e s t s  should be performed w i t h  more thermocouples i n  c r i t i c a l  areas 

and us ing i n f r a r e d  photography f o r  de ta i l ed  temperature maps. 

o Coated RPP-3 models should be tes ted  f o r  b e t t e r  s imu la t ion  o f  conduc t i v i t y  

e f f e c t s  and e f f e c t s  on the  coat ing.  


